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RADIATION RESEARCH 104, 182-190 (1985) -

Behavioral Toxicity and Efficacy of WR-2721 as a Radioprotectant

V. BoGO, A. J. JACOBS, AND J. F. WEISS

Armed Forces Radiobiology Research Institute, Behavioral Sciences and
Biochemistry Departments, Bethesda, Maryland 208)4-5145

BOGO, V., JACOBS, A. J., AND WEISS, J. F. Behavioral Toxicity and Efficacy of WR-2721 as a
Radioprotectant, Radiat. Res. 104, 182-190 (1985).

S-2.(3-Aminopropylamino)ethylphosphorothioic acid (WR-2721) isa promising protectant for
radiation-induced lethality. However, treatment with WR-2721 also produces nausea, vomiting,
diarrhea, and hypotension, which implies severe functional consequences. Three studies were
conducted to assess the effects of WR-2721 on rat motor performance and weight and to assess
the ability of WR-2721 to mitigate the early performance decrement (PD) produced by ionizing
radiation. In the first study, rats trained on the accelerod motor performance task were give 200,
300, or 400 mg/kg WR-272 1 intraperitoneally (ip). The highest dose used referenced the maximum
tolerated dose in the rat, which is two-thirds the median lethal dose (590 mg/kg). The subjects
were tested immediately after treatment, at 30-min intervals for 3 h, and again at 24 h. All groups
(N - 6/group) demonstrated a significant decrease in accelerod performance compared to control
levels across the eight test trials, which ranged from 24 to 44% in the 200 and 400 mg/kg dose
groups, respectively. Performance returned to baseline levels at 24 h. Some deaths occurred at
all dose levels. In the second study, motor performance was measured after exposure to radiation
alone or a drug/radiation combination (N = 8/group). WR-2721 was administered 30 min before
exposure to 130 Gy of y radiation from a 'Co source at a dose rate of 20 Gy/min. Rats were
tested on the accelerod immediately after WR-2721 treatment and at 10, 15, 30, 60, and 120 min
and 24 h following radiation. Performance was significantly depressed compared to control
throughout the 24 h following radiation exposure, with and without WR-272 1. The decrement
produced by WR-2721 and radiation alone appeared to add up to the combined drug/radiation
decrement found over the 15- to 120-min test periods. In the third study assessing the effects of
WR-2721I on weight, untrained rats treated with 200 or 400 mg/kg WR-2721I exhibited significant
weight loss that lasted up to 3 days. Weight returned to pretreatment levels in 15 days, and no
deaths occurred. In summary, the data suggest that in the rat (1) WR-2721 is behaviorally toxic
at doses relevant to radioprotection, (2) WR-2721 treatment along with the stress of motor per-

formance may combine to lower the level at which lethalities occur, (3) WR-2721 does not protect "7-
for radiation-induced PD, and (4) WR-2721 combined with radiation disrupts performance more
severely than either radiation or WR-2721 alone. © t98 Acadmic Pmw Inc.

INTRODUCTION

One of the most effective radioprotectants available is S-2-(aminopropylamino)-
ethylphosphorothioic acid (WR-2721) (1, 2). Survival increases in irradiated animals
pretreated with WR-272 1, and protection is afforded to a variety of organ systems but
not the central nervous system (3, 4). However, little information exists regarding the
behavioral pharmacology of this drug. Behavioral changes would be a concern for
individuals taking the drug during either military operations or radiation therapy.

One behavioral change of interest is the decrement in performance (PD) that occurs

0033-7387/85 $3.00 2
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WR-2721/RADIATION EFFECTS ON BEHAVIOR 183

from 10 to 60 min following exposure to rapidly delivered, lethal doses of ionizing
radiation (5. 6). A preliminary study assessing PD in monkeys performing a visual
discrimination task (VDT) reported that WR-2721 offered some protection during
the first 30 min after exposure to 40 Gy of radiation (7). However, PD developed in
the next 30 min. indicating that protection lasted only a short time.' Other behavioral
studies with animals used the conditioned taste aversion (CTA) paradigm2 (8, 9). All -
studies reported significant aversion to saccharin-flavored water, a normally preferred
substance, following pairing with either radiation or WR-2721. Cairnie (9) reported
that CTA was greater when WR-2721 was combined with radiation. suggesting not
only that WR-2721 offered no protection for this behavior, but also that its detrimental - -

effects were additive with radiation-induced CTA.
WR-2721 is undergoing clinical testing to determine its usefulness as an adjunct in

the radiation treatment of malignant tumors (4). However, the clinical testing indicates MW
that WR-2721 has serious shortcomings; its side effects include nausea. vomiting.
abdominal cramps, and diarrhea (4, 10. 11). In addition. Wagner et al. (12) reported
vomiting in dogs treated with WR-272 1. Thus results of a variety of research suggest
that WR-272 I can produce adverse consequences that might severely disrupt behavior.
The present studies were carried out to test this hypothesis by assessing the effects of -

WR-2721 alone and in combination with radiation on rat motor performance.

METHODS

Suhlectv Subjects were 47 adult male Sprague-Dawley rats weighing 518 + 9 g (mean ± SE). They were
individualls housed in clear plastic cages and maintained in keeping with the principles enunciated in the
(haide for the (are and Use of Lahoratorv .. nimnals prepared by the Institute of Laboratory Animal Resources,
National Research Council. Food and water were available ad libitium. Room temperature was maintained
at 22'C. Relative humidity was kept at 60-70;.

Test suhstanc'. WR-2721 was obtained from the Division of Experimental Therapeutics. Walter Reed
Armx Institute of Research, It was dissolved in 0.9'; NaCI solution (pH 7.2) immediately before ip
injection at 200. 30. and 400 mg/kg hody "I (administered in I ml/5(O g). Yuhas (3) suggests that this
range of doses has clinical applicability in humans.

lask The accelerod apparatus and procedure hase been described in detail elsewhere (13). Rats were
trained to maintain position for as long as possible on a 2-in. diameter, gradually accelerating rod elevated
6 in. above a grid-shock floor. The rotational velocit. of the accelerod increased at an average rate of 0.9
re% /s. A trial began with a subject being placed on the stationary rod, and the trial lasted until the subject
fell to the grid floor below the accelerating rod. Each training session lasted from 5 to 15 min (4 to 20 trials).
This range of trial durations was necessar, to deal with unique intersubject requirements. It took an average
oft training da~s for a rat to learn the task. In the final stages of training, shock was given only for perfbrmance
that lasted less than 30 s. The task was scored as performance duration in seconds. The average performance
time achiesed before drug and/or radiation testing %%as 40 _ 2 s, wsith performance averaged over three
trials/session/subject. Testing began with radiation and/or WR-2721 once each subject was performing
stablx on the accelerod at or above 25 s.

l'st procedures Iter,)rmante studi Rats were injected ip in the order of 400, 300, or 20(0 mg/kg of WR-
2721 (N 6/group), and tested immediately, at 30-min intervals for 3 h, and at 24 h after treatment. A
subject sersed as its own control- i.e., before %WkR-272I treatment, a subject was injected with an equal
volume of saline and then tested as above.

R, W. Young. personal communication. 1985.

B. M. Rabin. W. A. tunt, and J. Lce. Effects of area postrema lesions on the behavioral toxicity of

WR-272l in the rat. In preparation.
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We had intended to conduct the three WR-2721 iterations of 200 to 400 mg/kg and the combined 1
radiation/WR-2721 study with the same rats in a repeat-subjects design i.e., subjects tested in all four -

conditions. However, additional trained subjects were necessary because deaths occurred at all levels of WR-
2721 following treatment (Table I). Of the I I subjects used, two subjects participated in all four conditions,
two were in three conditions, and one received two conditions. No systematic differences in performance .'-

were noted between the repeat- and nonrepeat-test subjects following WR-2721 or radiation/WR-2721. .,/
Iterations between treatments were conducted at an average interval of 12 days to permit clearance of WR-
272 1. During this interval the repeat-test subjects were run every 3 days to maintain performance.

Radiation Siudt. Prior to irradiation, each subject was tested for 3 days. simulating the exposure-day
profile, less radiation. The Radiation Study consisted of a radiation-only group and a combined WR-2721/
radiation group (N 8/group). The combined group received 200 mg/kg of WR-2721 30 min before radiation.
After irradiation, subjects were tested at 10. 15 30, 60. and 150 min and at 24 h.

IW'eight Studv Rats were tested for weight change following treatment with 200 or 400 mg/kg WR-2721
(ip) for up to 20 davs. Treatment and control groups existed at each dose level (N = 5/group).

Radiation Rats were individually irradiated in a 'Co facility by 1.25-MeV "r photons. right side to the
source, at a midline tissue dose rate of 20 Gy/min. for a total cumulative dose of 130 Gy. This dose and
dose rate were used because they had been the EDgo (effective dose at producing PD. 90'" of the time) in a
preious studN (5).

Inaki'.%. The measure of accelerod performance was time spent on the rotating cylinder. One-way analysis
ot'%ariance (ANOVA) was used to assess the effects of treatment and time in the Performance and Radiation
Studies (14). 1 Tests were also used to analyze the drug and radiation effects compared to control performance.
,A Bonferroni allocation sufficient to each ANOVA and t test was in effect to compensate for potential
multiple analyses errors (15). In the Radiation Study, the initial test period (40 min after WR-2721 treatment
or 10 min after radiation exposure) was used to assess PD. t Tests were used to analze the Weight Study
data. Chi-square analysis was applied to the lethalitv findings of the Performance and Weight Studies.

RESULTS

Perlrmance Study. Accelerod performance following WR-2721 treatment is shown
in Fig. l. Performance of the WR-2721 conditions are compared against pretreatment
control performance, as reflected by 0% change on the ordinate (left side). The right-
side ordinate indicates the actual performance duration in seconds of the test trials.

The motor performance data were analyzed in two ways comparing performance
across the eight test periods and comparing performance at each test period. In each
comparison, initially one-way ANOVAs assessed performance of only the treatment

groups followed by t tests comparing treatment performance against control perfor-
mance. A one-way ANOVA done across the eight test periods of the treatment con- %

ditions indicated no significant difference following WR-272 1. However, I tests indi-

TABLE I , 1

[Deaths Produced b), WR-272 I in the Performance and Weight Studies

Perlormami., S101mii

D~ow Ic'v/ Iverave hlour .umbelr. III]II"..' .
Pet ,'i o de'th oft d, k 11 ide ,lh\*

4(X) 2/6 5

. A * * . .. . . -. . A . A -. A ....-..- :N \,
~A* ~ -*. . . . . .. . . . .-. . . . . . . . . . . . . . . . . . .
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FIG. I. Accelerod performance of rats treated with 200, 300, or 400 mg/kg WR-2721 (ip). Significant
group effects over all test trials compared to control performance are shown by daggers (P < 0.02). Significant PS
trial effects compared to control performance are shown by asterisks (P < 0.02).

cated significant differences when comparing each treatment condition over all the
test periods against control performance (daggers in the figure legend). ANOVAs were
done comparing performance of the three treatment groups on each of the eight test
periods, but no significant differences were found. t Tests made on each of the eight

% test trials comparing treatment and control performance indicated that (a) the 400
mg/kg group was significantly below their own control performance on the 30-180
min test periods (asterisks in figure), (b) the 300 mg/kg group was significantly below .".
control at 60 min, and (c) the 200 mg/kg performance was significantly poorer than

control on the 150-min test. All treatment groups returned to control performance
levels by 24 h.

Radiation Study. Figure 2 shows performance following exposure to radiation alone
and after combined treatment with WR-2721 and exposure to radiation. TheWR-2721 dose level in the combined condition was 200 mg/kg. The left-side ordinate

indicates the percentage change from control for the dosed groups, and the right-side

€ k ! * 0 t -. -..20fr~-~"~ 50

0Control V42

-20- - 34 N

-0 * * Gamma + 8

I - 25 WR-2721/' 8
Gamma

* -60- 17

-so. 8 0 -

1-- o,- -0
i30 030 06 1204 " 0hr

10 15
Time After Irradiation (min)

I I. 2. \ccelcrod performance of rats exposed to 130 (1\ of') radiation or treated with 200 mg/kg (ip)

of WR-271 I and then esposed to 13( (i\ of') radiation. Significant group effects oser all test trials compared
to control performance are indicated b% daggers i' - 0.02). Significant trial effects compared to control
performance arc shoin h\ asterisk, W < 0.02).
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ordinate indicates performance time in seconds. Subjects were tested immediately
after real or sham (saline) treatment with WR-2721 (+30 min time on the abscissa).

The data shown in Fig. 2 were analyzed in the same manner as the Performance
Study. The radiation conditions were compared across the seven test trials. ANOVA
indicated no significant differences across the test periods for the two conditions. t

W Tests comparing each radiation condition against control performance indicated a
significant drop in performance across the seven test periods (daggers in the figure
legend). ANOVA's compared performance at each test period for the two radiation
conditions. Significant differences occurred on the 15- and the 120-min postradiation .'.

periods (P < 0.02). t Tests done on each period comparing each radiation condition -"

to control performance indicated that both radiation conditions were significantly
below control performance on all postexposure test trials, as shown by the asterisks.

No significant difference was found between the survival times of the radiation
" subjects (mean = 87 h, N = 6) and the WR-272 1/radiation subjects (mean = 95 h,

N = 5). The number of subjects assessed for lethality was smaller (N = I) than the %
total number of subjects (N = 16), because subjects were excluded if the time of death
was uncertain.

'eight Study. A marked weight loss occurred in all dose groups following
WR-2721 treatment in the Performance Study: however, weight was not systematically
studied. A Weight Study was done in rats treated with either 200 or 400 mg/kg
WR-2721 or respective saline-control groups (Fig. 3). Weights were measured until
they returned to pretreatment levels. In the 200 mg/kg dose and its control group,
weights were measured on 6 different days (0, 1, 2, 6, 8, and 13). In the 400 mg/kg
groups. weights were measured on 10 different days (0, 1, 2, 3, 6, 8, 10. 13, 15, and
20). Weight averaged 561 ± 14 g in all groups at the start of the study.

The data from the Weight Study were analyzed with I tests comparing percentage
change from the previous test day between the treatment and respective control groups.

0 7

400 mg/kg*M 2 'D'" 
" Saline 0"- -2 F , , ,.a

"; ...... 200 mg/kg "

S -4 r .... . Saline .

'6 VtN= 5/group

2.0.0

0 - 5 10 15 20
Test Day

FI(;. 3- Weight change of rats treated \%ith 200 or 400 mg/kg WR-2721 (ip). Control groups existed in
"hich rats "ere gisen an equal %olume of saline. Significant effects from the respecti\c control group were
calculated based on percentage change from the pre\ious da\ and are indicated b> asterisks (' < 0.05).

-: :-p.
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Based on this analysis, the 200 mg/kg subjects lost significantly more weight than .
controls the day after WR-2721 treatment (asterisk at closed square). The 200 mg/kg
subjects lost more weight on Day 2. but since control weights also decreased, the 0:

difference between the groups was not significant. Beyond Day 2, weight increased.
returning to baseline by Day 13. The 400 mg/kg rats demonstrated a significant weight
loss for 3 days after treatment (asterisks at closed circles). After Day 3. significant
decreases no longer occurred and weight returned to baseline by Day 15. No significant a-

differences existed between the treatment conditions.
Death did not occur in the Weight Study. but it did occur in the Performance Study

at all dose levels (Table I). Chi-square analysis indicated a significant difference for
lethality (P < 0.05) in the 200 and 400 mg/kg dose levels of the Performance Study
(4 out of 12 subjects died) and the Weight Study (0 out of 10). No dose-response
relationship existed in terms of the number of deaths in the Performance Study, how- .
ever, a dose-response relationship did appear to exist in terms of the time of death- ,
i.e.. survival time decreased as dose increased (Table I).

DISCUSSION

The present study is the first to describe the effects of WR-2721 on motor perfor-
mance. WR-2721 produced decrement in motor performance at doses from 200 to
400 mg/kg. The decrement was first measured 30 min after treatment, when WR-
2721 offers its maximum protection against lethality (2). The magnitude of the dec-
rement ranged from an average of 24% for all test periods in the 200 mg/kg dose group
to an average of 44c at 400 mg/kg. The decrement lasted for the initial 3 h of testing,
and recovery was complete at 24 h. In addition, marked loss of weight was noted in '""""
both the Performance and the Weight Studies. In the Weight Study, the magnitude
and the duration of loss appeared to be dose dependent (Fig. 3). These studies indicate ...-

that WR-2721 significantly disrupted motor performance and produced significant
weight loss at doses suggested as relevant to radioprotection in humans (3).

One other study reported on the effects of WR-2721 directly on performance (7).
In this study. WR-2721 seemed to offer protection from PD in monkeys performing
the VDT up to but not beyond 30 min.' However. implications of this stud,, are of
limited value because it was only a preliminary study and the preparation of WR-
2721 in use today is different from that which was available at the time when these
results were obtained. Other work also reported the adverse effects of WR-272 1, but
performance was not studied directly. For instance, Cairnie (9) and Rabin et al.-
reported that WR-2721 produced a conditioned taste aversion for a normally preferred
substance in rats. Coil el al. (16) argue that CTA in the rat is a parallel process to
nausea and vomiting with regard to afferent pathways and central processing. Thus, . .
since the rat cannot manifest these gastrointestinal (GI) symptoms, CTA is analogous
to the GI response in other species. The CTA findings agree with human research in
which GI side effects were reported. For instance, cancer patients given WR-2721 as
a radiation therapy adjunct became nauseated and vomited (10), and normal adults
in a WR-2721 safety-testing study also demonstrated abdominal cramps and diarrhea
(11). Thus. while these GI findings imply that WR-272 I would degrade performance,
prior to this study it was never tested directly, and the precise effects were unknown,

-.. . . . . . .-. •_- -.. •.- .. ...
-" ."' 4 ."'- -"-.-"-.... ') . . - .. ? .-. i - .? .'. " -7 7 .. 'i -. )- -. '.''.'-' . . ) ) i .i . . . . . .)
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188 BOGO, JACOBS. AND WEISS

Related research from this laboratory indicates that the relationship between these
GI symptoms and performance ability is not as obvious as it appears. For instance.
no correlation existed between episodes of vomiting and PD in irradiated monkeys
trained to perform a motor performance task (17). In more recent work, no correlation
was noted between emesis and performance in WR-272 I-treated monkeys trained to
perform the VDT.3 These studies suggest that even though it is tempting to speculate
that overt signs of GI dysfunction will disrupt performance, it may be preferable to
test for the performance effects directly. I_

The deaths produced by WR-2721 treatment alone in the Performance Study were
perhaps a more striking finding here than the motor decrement (Table i). The highest
dose level used was based on the concept of maximum tolerated dose (2, 18), which
is usually stated as two-thirds the median lethal dose (LD 5o). Since the rat LD , for
WR-2721 has been reported as 590 mg/kg (3), the highest dose used in the present
study was 400 mg/kg. In the Performance Study, deaths occurred in all dose groups:
however, no deaths occurred in the Weight Study, which suggests that lethality was
produced by the added stress of accelerod performance. The added stress may have
been a product of (a) motor activity, presumably because the subjects were required
to work after treatment rather than rest, as is normally true, (b) an increased number
of shocks delivered following treatment since performance fell below the minimal-" -

performance level of 30 s, or (c) a combination of the two. In addition, if the present
synergistic effect is real and generalizable to other toxins, and if a measure of toxicit,-
in terms of lethality is of interest beyond the resting state, the current findings imply"
that performance assays should be part of any initial, acute toxicity screen.

The objective of the WR-272 I/radiation study was to determine ifWR-2721 given
30 min prior to irradiation could mitigate PD assessed 10 min later. WR-272 I's po-
tential as a prophylactic for lethality was reported over 20 years ago. and considerable
research has been conducted during that time: however. only one study dealt with PD
(7). The present data indicate that WR-2721 offered no protection from radiation-
induced motor performance PD for the rat. As shown in Fig. 2, the combined condition
performance 40 min after WR-2721 (10 min after radiation) was the same as the
radiation-only condition, i.e., 70 to 80% below baseline. While the WR-272 I/radiation
subjects remained 601* below baseline for the entire 24-h test period, the radiation
condition showed some recovery, to 30-40% of baseline at the 15-min test period.
Further. testing beyond 24 h was not conducted in the radiation iterations even though
the subjects lived another 3 days because the subjects were so debilitated.

Another interesting point about performance effects can be made by comparing the
radiation data in Fig. 2 with the 200 mg/kg WR-2721 data in Fig. 1. The overall post-
treatment decrement of the WR-2721 subjects in Fig. I and the postradiation decrement
of the radiation-only subjects (Fig. 2) equal the postradiation decrement of the com-
bined condition (Fig. 2). i.e.. 20"' (WR-272 I) plus 40", (radiation) equals 60"; (com-
bined condition). Cairnie (9) reported a similar finding when assessing the eft.cts of
WR-2721 and radiation on the CTA paradigm. The important point in the present
radiation studN was that rather than act as a protectant. the combination of WR-272 I
and radiation made performance worse than either condition alone.

\. Bo o rc,,carch in' prtigrc, .. ''.,'.
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No difference existed in the survival times of the radiation subjects and the .

WR-272 I /radiation subjects, thus WR-2721 did not protect against lethality, one of
its tate b etermin Te if thality codprotecnt agansxted D. nPeiu work aim ourhi

itsd sat bemits (2) The72 etaltyfid wasrot uganxetP.edice thek ai ouhi
laboratorv showed that 130 GN was the 901,( PD-effect level for accelerod-trained
subjects exposed to y radiation (5). The maximum dose reduction factor for lethality
offered by WR-2721I is reported as 2.7 in the mouse (2). Since the rat 1_1350/3 is about
6 Gy (19). the level of radiation used here was well above any potential protection
from lethaliy that WR-2721I could offer. We plan to conduct a study assessing motor--
performance changes following a sublethal dose of radiation in the rat to look at the
lethality-prophv lactic ability of WR-272 1. In the present study', while the WR-272 I/
radiation combination did not extend life,. at least WR-2721 combined with radiation

did not kill rats sooner than radiation alone, making the situation worse as was the
case with the Performance Study.
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COMPARISON OF THE EFFECTS OF SOLUBLE AND
PARTICULATE FORMS OF GLUCAN, AN
IMMUNOMODULATOR, ON PROSTAGLANDIN SYNTHESIS - .

BY RAT PERITONEAL MACROPHAGES

Gary J. Bowers, MD. Myra L. Patchen, PhD, Thomas J.
MacVittie, PhD, Erwin F. Hirsch, MD, FACS, and
Mitchell P. Fink, MD

GLUCAN. AN IMMUNOMODULATOR derived from the yeast Saccha- I .
romvces cervesiae. exists in two preparations, particulate (glu-P) and sol-
uble (glu-F). Both preparations enhance host antibacterial and antineoplastic
resistance (2). Unlike glu-F, glu-P is associated with granulomatous re-
actions within the reticuloendothelial system (RES) (3) and endotoxin
sensitivity (I ). Since some of the adverse effects of glu-P may be mediated

by prostaglandins (PGs), we compared the effects of glu-P and glu-F on
PG production by rat peritoneal macrophages (PMos).

MATERIALS AND METHODS
Resident PMos were incubated (10" cells/well) in minimum essential

medium (MEM) at 37°C. After two hours, cells were washed, then stim-
ulated for five hours with various concentrations of glu-P or glu-F in MEM
(1 .0 mL/well). Concentrations of immunoreactive (i) thromboxane (Tx)
B- (stable metabolite of TxA,) and i6-keto-PGF,, (stable metabolite of
PGI 2) were measured in culture supernatants by radioimmunoassay. Pro-
tein content of the PM0 monolayer was determined using Bio-Rad. Pros-
tanoid concentrations per microgram of protein were calculated, and the
results were expressed as mean percentage (%) change - standard error
vs control (ie, no glucan). Differences between the groups were assessed
by two-way analysis of variance, with drug and dose as independent sources '

of variation.

RESULTS

Glucan stimulation did not alter viability of the PMos (trypan blue
exclusion). Glucan P and F stimulated synthesis of PGs. As shown in
Table i, iTxB 2 increased with increasing doses of both drugs. glu-P being
the stronger agonist. The concentration of i6-keto-PGF,, in supernatants
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also increased with larger glucan doses, but there was no difference in the
effect of the two preparations.

DISCUSSION

Glucan-P, but not glu-F, evokes granuloma formation within the major
RES organs, consisting of hypertrophic and hyperplastic macrophages (Mos) ~
(2,3). Cotreatment with indomethacin attenuates glu-P-induced granulo-
mogenesis while not interfering with ingestion of glu-P by Mos (3). These
data suggest a role for PGs in the pathogenesis of glu-P-induced granu-
lomas. We showed PG release by glucan-stimulated PMos depends on the
preparation of glucan employed. This observation may help explain why
glu-F does not induce granuloma formation.
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Enhanced Activity of the Macrophage-Like
Cell Line J774.1 Following Exposure to
Gamma Radiation

Elaine K. Gallin, Spencer W. Green, and Paul A. Sheehy
Physiology Department, Armed Forces Radiobiology Research Institute,
Bethesda, Maryland4

Exposure of the macrophage-like cell line J774.1 to 20 gray of cobalt-60
gamma radiation resulted in a block of tritiated thymidine incorporation, along
with an increase in cell "activation," as assessed by increases in lysosomal
enzyme and ectoenzyme content, PMA-induced H202 production, and NBT
staining, ingestion of E(lgG), spreading, and membrane ruffling. These changes
are evident within 1 day postradiation and peak at 4 days postradiation.

* Key words: gamma radiation, macrophage, J774.1 cells, hydrogen peroxide

INTRODUCTION

It is well known that macrophages can exist in various states of activation, as
assessed by their secretory capacity. oxidative burst in response to stimuli, or cyto-
toxic ability 191. Their state of activation is influenced by in vivo factors, and it can
also be modulated in vitro by exposure to a variety of stimuli. Both lipopolysacchar-
ides (LPS) and gamma interferon enhance macrophage activation, by priming cells
so that their oxidative response to subsequent stimuli is increased 18.11 I. whereas
tumnor-cell -conditioned medium decreases the production of oxidative products by
macrophages 1161.

Just as with primary macrophages, the properties of some inacrophage-like cell
lines can be modified by changes in growth conditions or by the addition of stimula-
tory factors 14,5.171. For example, the macrophage-like cell line J774 derived fromi a
murine reticulum sarcoma is much miore cytotoxic when grown as an ascites tumnor

V than when cultured in vitro 1141. and addition of lipopolysaccharide to the culture
medium increases the release oYf interleukin I and prostaglandin E, by J774 cells

V 16.10.151.
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In this paper we report that exposure of J774.1I cells to doses of gamnma radiation

I.-.

that inhibit the incorporation of thymidine results in an increase in activation, as
assessed by a variety of functional parameters. including an increase in H'0 2 release
in response to phorbol myristate acetate. Radiation may therefore be a useful tool for
studying J774 cells in different states of activation.

MATERIALS AND METHODS
Cells

1774.1 cells obtained from the American Type Culture Collection were main-
tained in spinner culture in tissue culture medium (TCM) containing RPMI-1640
(Flow Labs, McLean, VA), supplemented with 10 units/nl penicillin. 10 ug/ml
streptomycin (DIFCO Labs, Detroit, MI), 0.037( L-glutamine (Sigma, St. Louis.
MO), and 5% fetal bovine serum (HyClone Labs, Logan, UT). Cells to he used in
experiments were either cultured in Teflon dishes so that they could be harvested
easily or plated on tissue culture dishes. Control cells and irradiated cells were plated
at the same concentrations and were maintained under identical conditions in a 37°C
5% CO2 -95% air incubator for the duration of the studies. Irradiation was performed
bilaterally using a cobalt-60 radiation source (5 gray/min) on cells I h after plating
on tissue culture dishes or cells suspended in Teflon jars.

3 H-Thymidine Uptake

Cells were washed twice with phosphate-buffered saline containing calcium and
magnesium (PBS) (GIBCO, Grand Island, NY), and incubated for I h in TCM
containing 5 /1C/ml 3H-thymidine. They were then washed three times with PBS,
incubated for I h in TCM containing 0. 1 mM cold thymidine to remove nonspecifi-
cally bound 3H-thymidine, and washed three times with PBS. The washed cells were
lysed with 0.2% Triton for I h, and the cell lysate was assayed for tritium and
protein. Results were expressed as 3H uptake per milligram of cell protein.

Cell Protein and Adherence

Control and irradiated cells were cultured in Teflon jars at approximately 0.5 x
10P cells/mi. On days 2 and 4 postradiation, cells were harvested and counted, and
the cell protein was determined. Proteins were determined by the Bradford method
using a Bio-Rad assay kit (Rockvilk: Centre. NY) with bovine plasma albumin as the
standard. Data were expressed as protein per cell.

The ability of cells to adhere to tissue culture dishes was assessed by plating
cells grown in Teflon dishes on tissue culture plates for I h. after which time the
dishes were washed twice with PBS to remove non-adherent cells. Adherent cells
were lysed with 0.2% Triton. and the protein in the cell lysate was measured. The
total protein in the cell suspension initially added to the dishes was measured, and the
percentage of total protein remaining adherent to the culture dish was determined.

Phagocytosis

Bovine red blood cells (E) were opsonized with a subagglutinating titer of
antibovine red blood cell IgG (Cappel Laboratories. Cochranville. PA). E(IgG) were . ""
incubated with sodium chromate Cr-51 (New England Nuclear, Boston, MA) in
RPMI 1640 at approximately 250 uCI/109 E(lgG) for I h at 37'C, followed by four
washes with RPMI 1640 to remove the free Cr-51.

, . . o 'No , I • .. _. . . . ° . . . . . ° . . . . : .. . , . . . • ° . • . . . . .
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Cr-5 1-labelled E(IgG) were added to adherent J774. I cells at a 100:1 ratio of
E(IgG) to J774. 1. The number of J774.1 cells per dish was estimated by counting the
number of cells in three different low-power fields. Dishes were incubated for I h at
37°C in a 5% CO,-95% air atmosphere, at which time cells were washed with PBS
and hypotonically lysed with 0.2% NaCI for 30 sec to lyse all unphagocytized Cr-51
E(igG). Plates were then washed twice with PBS, cells were lysed with I ml of 0.2%
Triton X-00 for I h, and cell lysates were counted. Paired dishes not fed E(IgG)
were used to determine the protein content in each experimental group. The Cr-51
content per E(IgG) was determined, and data were expressed either in terms of
E(IgG)/cell or E(IgG)/mg protein.

Enzyme Assays

/3-Glucuronidase levels were determined by measuring the change in absorbance -- - -,

following the conversion of phenophthalein glucuronic acid to phenophthalein and
glucuronic acid. Levels of 0-glucuronidase were measured from cell lysates obtained
from a I-h incubation in 0.2% Triton X-100 and expressed as nM of substrate turnover
per milligram of cell protein per hour.

The ectoenzymes 5'-nucleotidase, alkaline phosphodiesterase, and leucine ami-
nopeptidase were assayed as previously described 171. Samples for assays were
prepared by lysing adherent cells with 0.05% Triton X-100 for 15 min at 4°C.
Catalase activity was measured on cell fractions obtained by scraping off adherent
cells and sonicating them on ice for 40 sec. Cell sonicates were then assayed for their
ability to break down H202 by following the destruction of H201 spectrophotometri-
cally at 230 nm 11. Lysozyme levels were measured spectrophotometrically by
measuring the lysis of Micrococcus lysodiekticus. Lactic dehydrogenase (LDH) levels
were assayed spectrophotometrically by following the consumption of NADH during
the conversion of pyruvate to lactate. The LDH released into the medium was ",-
expressed as a percentage of the total cellular LDH.

Nitro-Blue Tetrazolium Staining

Cells were placed in PBS containing 10 mM glucose. One pg/ml of PMA was
added to half the dishes. After a I-h incubation at 37°C, nitroblue tetrazolium (NBT)
was added to the dishes to give a final concentration ot 0.05%. Following a 30-min
incubation at 37'C, dishes were washed three times with PBS and fixed with Diff-
Quik fixative (Harleco, Gibbstown. NJ). Cells were observed at 250 x and scored
positive if they contained blue grains.

11,02 Assay

J774. I cells adherent to tissue culture dishes were washed twice with PBS and "-.
exposed to 2 ml of reaction mixture containing PBS, 10 mM D-glucose, 6 purpuro- --

gallin units/mil of horseradish peroxidase (Sigma type 11). and varying amounts (5-40 -

nmoles/ml) of scopoletin (Sigma, St. Louis. MO). Concentrations of scopoletin were
selected so that < 607 was oxidized. Phorbol myristate acetate (PMA) at I pg/ml
(Consolidated Midland Corp., Brewster. NY) was added to half the cultures. Cells
were incubated at 37°C in 5% CO,/95% air for I h. at which time the reaction
mixture was removed and placed in clean test tubes. HO, release was determined by
measuring percent decrease in fluorescence using PBS and the reaction mixture to set
the 0% and l(X)% fluorescence, respectively. A standard curve was obtained by
adding known amounts of ethyl-HO, (Polysciences. Warrington. PA) to the reaction

!-7
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mixture and observing the subsequent decrease in fluorescence. In some studies
Escherichia coli lipopolysaccharide (LPS) (List Biological, Campbell, CA) was added
to cell cultures 12 h prior to the H20 2 assay.

RESULTS
Tritiated Thymidine Uptake

The effect of radiation on the replicating ability of J774 cells was assayed , -

indirectly by measuring the uptake of thymidine. Adherent 1774 cells were exposed i. -

to varying doses of radiation, and 3H-thymidine uptake was measured at 2, 3, and 6
days postradiation. Figure 1 shows thymidine uptake data from cells at 2 days
postradiation as a function of radiation dose. The data, expressed as percentage of
thymidine uptake of nonirradiated cells, demonstrate that increasing doses of radiation
progressively decreased the uptake of tritiated thymidine. At doses of 20 gray or
greater, the uptake of thymidine was reduced to background levels, indicating that
DNA synthesis was negligible. Similar data were obtained on days 3 and 6 postradia-
tion, indicating that the block in DNA synthesis was irreversible. The radiation dose
of 20 gray was chosen for most of the subsequent experiments since it was the lowest
dose of radiation tested that completely blocked thymidine uptake.

Cell Survival

To determine whether exposure to 20 gray killed a significant number of cells,
the percentages of total LI5H released into the supernatant in cultures of irradiated
cells and control cells were measured at I and 2 days postradiation. Between 8 and
13% of the total LDH was released into the supernatant in both control and radiated
dishes on days I and 2 postradiation, indicating that exposure to 20 gray did not
produce a significant increase in cell death. In addition, cell counts determined over
4 days postradiation indicated that the number of cells in the cultures was stable.
Irradiated cultures could be maintained for 2 wk or longer, and although cell counts
were not done over this time period, cultures appeared stable and healthy.

Cell Size, Morphology, and Adherence

The change in cell size following exposure to 20 gray was determined indirectly
by measuring the protein content and the cell numbers of both irradiated and control
cells cultured in Teflon jars. As shown in Figure 2. the protein/cell for irradiated cells
increased significantly with time, so that by day 6 postradiation, irradiated cells had
2.5 times more protein/cell than did control cells.

In addition to being larger than control cells, irradiated cells were morphologi-
cally distinct (Fig. 3). Two days after exposure to 20 gray, cells were more spread
and vacuolated than were control cells. In addition, their membranes were much
more ruffled. The irradiated cells maintain this appearance for the duration of the
culture period (2 wk or longer).

Trhe ability of cells to adhere to tissue culture dishes was examined by culturing
irradiated cells and control cells in "'flon jars for both 2 and 6 days and then plating
thein on tissue culture dishes. Following a I-h incubation, dishes were washed.-,.
vigorously and the adherent protein measured. Greater than 90' of the total cellular
protein added to the dishes remained following vigorous washing in both control and
irradiated cells, indicating that the adherence of irradiated cells was indistinguishable
from control cells at 2 and 6 days postradiation.
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Fig. 1. Uptake of AH-thymidine as a function of radiation dose. Irradiation was performed 2 days
before thymidine uptake. Data are expressed as percentage of thymidine uptake of control cells (nonir-
radiated), and represent mean + SEM oft 10 measurements.%
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Fig. 2. Protein content/cell tor control cells (open bars) and irradiated cells (shaded bars) at 2. 4. and
6 days potradiation. Data represent mean + SEM of' 12 different measurements.

Enzyme Content

The cellular levels of 0-glucuronidase, catalase, and the ectoenzymes. 5'-
nucleotidase, alkaline phosphodiesterase (APD), and leucine amino peptidase (LAP)
were measured in both control and radiated J774.1I cells at 2 and 4 days after exposure
to 20 gray. The level of lysozyme released into the supernatant was also monitored.
The data expressed in terms of cell protein are summarized in Table 1. they indicate
that radiation exposure significantly (P > .01) increased the 0Wglucuronidase. APD.
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TABLE 1. Effect of Radiation on Enzyme Content

Day 2 Day 4

Control 20 Gray Control 20 Gray 

O-Glucuronidase' 533 ± 66 1.024 + ±25 592 + 34 1.214 - 73
(nM/h/mg protein)

Ly ozymcb 9.6 ± 3.4 20.8 + 2.3 11.3 + 1.2 35.1 + 3.6 .,
(A.g/mg protein)

Catalase' 1.6 + 0.07 2.6 + 0.1 1.7 + 0.06 2.9 ± 0.1
(U/mg protein)

Alkaline phosphodiesterase' 3.4 + 0.7 7.0 + 0.9 4.7 + 0.6 9.7 + 1.6
(nmo e,/min/mg protein)

Leucine amino peptidase '  42.1 + 6 62.5 + 8 51.7 + 7 85.5 + 13
(nrnolcs/min/mg protein)

'Cellular content. Mean + SE of 12 to 15 different measurements.
hLysozyme accumulated in supernatant during indicated culture period. Supcrnatant harested and
measured at 48-h timc periods%. Mean ± SE of 20 ieasuremlents.

LAP, and catalase content and the release of lysozymne by J774. I cells. 5'-Nucleoti-
dase was undetectable in both control and irradiated cultures. Lysozyme release over
the first 2 days postradiation doubled and then tripled by day 4. The cellular levels of
3-glucuronidase, APD. and catalase content in the cells also doubled at day 2 but
showed little or no additional increase on day 4. The LAP levels increased by 66%
on day 2 and showed no additional increase on day 4.

In order to determine the relationship between radiation dose and the increase
in enzyme content, cells were exposed to varying doses of gamma radiation and
cellular 3-glucuronidase levels measured on days 2 and 4 postradiation (Fig. 4).
There was a dose-dependent relationship between the increase in 0-glucuronidase and
radiation, with doses of radiation as low as 2.5 gray having a significant effect. The
0-glucuronidase content of the cells exposed to 20 and 30 gray was slightly higher (P
< .05) on day 4 than on day 2. but the levels of 3-glucuronidase peaked at the same
radiation dose (20 gray) on both days.

Phagocytosis

Initially the ability of both irradiated and control J774. I cells to ingest E(IgG)
was assessed visually on adherent cultures. Greater than 957 of the cells in both . -

cultures were phagocytic. To quantitate more accurately the number of E(IgG)
ingested by both groups of cells, the uptake of Cr-51-labeled E(IgG) was measured.
The time courses of the uptake of E(IgG) in both control cells and cells exposed to 20
gray 4 days before are shown in Figure 5. Both groups of cells were plated 4 days
before the assay at the same density and fed every 2 days. The data are expressed in
terms of E(IgG)/cell and in E(igG)/mg cell protein. The uptake of E(IgG) plateaued
by 30 sin for both control and irradiated cells. Irradiated cells ingested more than
four times as many E(IgG)/cell as did control cells (Fig. 5a). When the data were '. '
expressed in terms of cell protein, the irradiated cells still showed significantly more
phagocytosis than did the control cells, although the difference between the groups
was slightly reduced (Fig. 5b). Therefore, even when the increase in cell size is taken
into account by expressing the data in terms of cell protein, the irradiated cells
ingested more E(lgG) than did the control cells.
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Fig. 4. O-Glucuronidase content of cells as a function of radiation dose. Measurements were made
within 2 (0) or 4 (0) days postradiation. Data are mean + SEM of eight different measurements.
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Fig. 5. Time course of uptake of E(IgG) by control cells (dashed line) and irradiated cells (20 gray)
(solid line) at 4 days postradiation. E(IgG):J774. 1. ratio 100: 1. Mean ± SEM of 6 measurements. a) Data
are expressed E(IgG)/cell; b) Same experiment as in a, but data are expressed as E(IgG)/mg protein.
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Fig. 6. Uptake of E(IgG) as a function of radiation dose at 2 ) and 4 (0) days postradiation. Uptake
was measured at I h. Data are mean - SEM( of 12 different measurements from four experiments.

The effects of varying doses of radiation on the ability of J774.1 cells to ingest
E(lgG) were also studied. As shown in Figure 6, the phagocytic ability of the cells
increased with increasing radiation doses, up to 7.5 gray. The ingestion of E(IgG) . -

plateaued at doses of radiation equal to or greater than 7.5 gray. The dose-response
curves on days 2 and 4 postradiation did not differ significantly, except that on day 4
cells exposed to 7.5 gray ingested slightly more E(IgG) (P ..05) than on day 2.

H2 02 Release

Considerable variation was seen from experiment to experiment in the level of
H202 generated by both control and irradiated (20 gray) cells in response to PMA. In
spite of the variability, irradiated cells consistently released more H102/mg cell
protein in response to PMA than did the control cells. The level of H20 2 generated
in five different experiments ranged from 24 to 180 nmoles/h/mg protein with a mean
of 75 + 13 for control J774.1 cells, compared to 47 to 429 nmoles/h/ing protein with
a ncan of 183 + 24 for cells exposed to 20 gray of gamma radiation 4 days prior to
the assay.

In order to control the possibility that the nonirradiated (dividingz) cell, werc
depicting the medium of nutrients required to sustain an oxidative burst falster than
were the irradiated (nondividing) cells, a series of experiments were done in hi
control cells were plated at half the density of cells to be irradiated, and all cells were
reted at 6-h and 12-h intcrvals. Similar differences in PMA-induced HM() production
were seen in these studies (data not shown). The addition of caalase (66 jig ml) to
the reaction mixture reduced H() production b\ > 9('/ , indicatin thal the ica-
sured decrease in fluorescence was dependent on the presence of H,().. The time-
course of the radiation-induced increase in HO, production in response to PMA is
shown in Figure 7. By day I postradiation there was a significant increase in H,() %
production (P > .0 ). which further increased and plateaued at daN s 3 and 4. There

*.......... .
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Fig. 7. H 20 2 pnuction in response to a I-h exposure to PMA (I jig/mi) by control cells (open bars)
and irradiated (20 gray) cells (shaded bars) at various times following radiation exposure. Data are mean
± SEM of five measurements. -

was no HO2 release from either irradiated or control cells in the absence of PMA at
any of the tinjes measured in Figure 7.

Experiments were performed in which PMA-induced H20 2 release was assayed
in both irradiated and control cells exposed to LPS for 12 h prior to the addition of

PMA. These experiments were designed to investigate whether LPS, which is known
to stimulate J774. I cells 16, 101 could further enhance H20 2 production in irradiated
cells. There was a significant increase in the PMA-induced release of H 20 2 from
unirradiated cells exposed to LPS (I utg/ml) when compared to cells grown in the
absence of LPS (30.2 + 3 nmoles/h/mg protein for control cells versus 46.8 + 6
nmoles/h/mg protein for LPS treated cells). However, the addition of LPS to irradi-
ated cells (2 days postradiation) for 12 h prior to the addition of PMA produced no
enhancement in HO, release (121.8 + 17 nmoles/h/mg protein for untreated cells
vs. 129.5 + 13 nmoles/h/mg protein for LPS treated cells).

NBT Staining

The percentage of NBT-positive cells in both control and irradiated cultures
treated with PMA (I #g/ml) for 11/2 h was determined at 6 h and at 2 and 4 days
postradiation. As shown in Figure 8, control cells incubated without PMA exhibited
no NBT staining, while 5-10% of the control cells exposed to PMA stained positively.
Six hours after radiation exposure, no difference was seen between the irradiated and
control groups. However, on day 2, there were many more NBT-positive cells in
irradiated cultures exposed to PMA than in paired control cultures. By day 4, the
number of NBT-positive cells in the irradiated PMA-treated cultures increased to
70%. However, by day 4, the percent of NBT-positive cells in irradiated cultures
without PMA significantly increased.

u~J
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Fig. 8. Percentage ot'NBT f cells in culture,, at 6 h and at 2 and 4 days po~stradiation. C'ontrol cell',
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DISCUSSION

'The miurine cell line 1774 has been studied extensively as a source of' large
numbers of* relatively honmogenous macrophage-l ike cells 1131. In1 addition, the isola-
tion of' a number of' different 1774 clones var-Ning in functional characteristics, has
mad,. these cells particularly useful 12. 18Xj. 'This paper demonstrates that thle functional
state of the parent cell line can be modulated by exposure to gammna radiation. Garinna
radiation (20 gray) blocks thymidine incorporation and increases lysosomal enzymne
content, ingestion of E(lgG.) and PMIA-stimulated oxidative response in these cells
without producing significant cell death. 'These chatges were evident at both 2 and 4
days postradiation, and are consistent with an itncrease in the state of activation of the
cells I11 Decreases in the ectoenzymes 5'-nucleotidase and alkaline phosphodiester-
ase are associated with anti-tumiwr activity in Mouse peritoneal macrophages 171. 1n
our studies, the level of 5'-nucleotidase was undetectable in both control and radiated
1774.1 ICells, but alkaline phosphodiesterase levels increased postradiation. indicating
that posIradiation changes niaN not be associated wkith increase,, in cvtotoxicit\.

It is well known that blocking cell division by a varietv of' Means, including
radiation, can stimulate difIferetntiation in at varietN of poorly diffe~rentiated tumlor cell
li ne,, 1121. Although 1774.1I cells hake many' of' the characteristics, of' nalure macro-
pha-cs and are therefore reasonabk \velI differentiated, radiation results in enhance-
mernt of somec of' these functions. J 774 cells can also be modulated by LPS . at well-.
knmii Im11unilopotent iator. wAhich increases the release of' interICletit I and prosti-
olandins by the cells l6. 101. I nterestirwfl\. I.PS inhibits the eorovm h of 1774 cells,
16.1It. 151. lFakasaki and I .%i~c e 71 have r-eccnfll\ shownI that thle actl\ it\ of- another
"elI -charactcri/cd nucrophage-I ike cell IlIine. P388D)I cel ls, can bie modulated b\
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exposure to DMSO. P388DI cells bind but do not normally ingest IgG-coated . ,
particles. However, when grown in DMSO for I day or more, they ingested E(IgG).
Although DMSO slowed the growth of these cells, the stimulation of Fc-mediated
ingestion preceded the growth-inhibiting effect. In our studies, exposure to 20 gray
of cobalt-60 blocked tritiated thymidine uptake so that there was no increase in cell o'

number during the time that the functional changes in the J774.1 cells were noted.
The dose dependency of the increase in 0-glucuronidase content peaked at 20 gray.
the radiation dose that completely blocked thymidine incorporation. This supports the
view that the blocking of cell division produced by radiation resulted in the functional
changes. However, the dose-response curve for the increased phagocytosis peaked at
7.5 gray. indicating that the situation was more complicated. We have recently shown
that the ingestion of E(IgG) by mouse thioglycollate-induced peritoneal macrophages
decreased by 4 days after exposure to 7.5 gray of gamma radiation 13]. It is possible
that the peak in the dose response of ingestion at 7.5 gray resulted from the sum of'
two radiation effects: one that enhanced ingestion and one that inhibited it. .""

Both H-, measurements and NBT staining indicated that the control J774.1
cells used in this study showed a poor oxidative response to PMA. Those findings
agree with the observation of Damiani et al 121 that the majority of J774 cells lacked
the ability to produce a significant respiratory burst. However, following radiation -.

exposure. HO, production and the number of NBT-positive cells in response to ".5" -

PMA increased significantly with time postradiation. The increased HO, production
in response to PMA in irradiated cells was not due to a change in the ability of cells
to break down HO,. since cell fractionates isolated from irradiated cells contained
more catalase activity than did cell fractionates of control cells. Exposure of irradiated
cells to LPS for 12 h prior to PMA stimulation produced no additional increase in
H,0, production while it did enhance H,O production in control cells. The lack of
additivity between the effects of LPS and irradiation on HO, production may be due
to the fact that irradiated J774 cells are already maximally stimulated. - -

The increase in H2 0, released by irradiated cells in response to PMA peaked at
days 3 and 4 postradiation. A concomitant increase was seen in the number of NBT-
positive cells in irradiated cultures exposed to PMA. However, a significant number
of cells in the irradiated cultures not exposed to PMA stained positive for NBT on
day 4 postradiation. We do not know why the irradiated J774. I cells showed an
increase in spontaneous NBT reduction with time. But it is likely that this increase
was not related to an increase in reactive oxygen metabolites because a concomitant
increase in HO, production was not noted.

The increases in HO, production. NBT staining, ingestion of EtIgG). and
enzyme content in the irradiated cell were associated with an increase in membrane
ruffling and cell spreading. These changes, evident 2 to 4 days postradiation. are
characteristics often associated with more activated macrophagcs 191. Therefore.
radiation may be a useful tool in modulating the activity of these cells.
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Abstract. The kinetics of cell turnover for mye- Upon their isolation from normal murine bone mar-
loid/monocyte cells that form colonies in agar (GM- row, myeloid/monocytic cells that form colonies in
CFC) were measured through the progressive in- agar (GM-CFC) represent a heterogeneous popula-
crease in their sensitivity to 313-nm light during a tion [1-3]. These heterogeneities can be detected
period of cell labeling with BrdCyd. Two compo- through physical properties of the cells [1, 2], dif-
nents of cell killing with distinctly separate labeling ferences in membrane receptors [4- 6], or the relative
kinetics revealed both the presence of two genera- porportion of cells in the various phases of the cell
tions within the GM-CFC compartment and the cycle [7, 10, 14]. The separation of GM-CFC sub-
properties of the kinetics of the precursors of the populations based on buoyant density [2, 8], sedi-

, GM-CFC. These precursors of the GM-CFC were mentation velocity [1], S-phase content [7, 10], or
not assavable in a routine GM-('FC assay when their toxic response to specific drugs [7, 9] has led
pregnant mouse uterus extract and mouse L-cell- several workers to conclude that the basis for the
conditioned medium were used to stimulate colony hetrogeneity in GM-CFC may be either the prolif-
formation but were revealed by the labeling kinetics erative future ofthe cell or the state ofdifferentiation
of the assavable GM-CFC. Further, these precursor [11-131. As an example, colony size, which is pre-
cells appeared to enter the assayable GM-CFC pop- sumably related to the proliferative future of the
ulation from a noncycling state. This was evidenced colony-forming cell, has been recently shown to

*. by the failure of the majority of these cells to in- identify a relatively distinct population of the GM-
corporate BrdCyd during five days of infusion. The CFC [9, 13]. Using this discriminator. Bradley and
half-time for cell turnover within this precursor co-workers identified a minor GM-CFC subpopu-
compartment was measured to be approximately lation, the "high-proliferative-potential colony-
5.5 days. Further, these normally noncycling cells forming unit" (HPP-CFC), which appears to be a

" proliferated rapidly in response to endotoxin. High- candidate precursor for the majority of the GM-
proliferative-polential colony-forming cells (HPP- CFC [9, 13]. These cells, optimally expressed as
(FC) were tested as a candidate for this precursor colonies only in the presence of human serum and
population. The results of the determination of the spleen-conditioned medium, are largely resistant to
kinetics for these cells showed that the HPP-CFC S-phase-specific cytotoxic agents [9, 13, 15].
exist largely in a G,, state, exiting at an average rate In recent work, while measuring the cell-cycle ki-
of once every four days. The slow turnover time for netics of the GM-CFC under conditions that limited __ -_
these cells and thcir response to endotoxin challenge the expression of HPP-CFC, we observed a sub-
are consistent with a close relationship between the population of GM-CFC that appeared to have re-
HPP-('F( and the G,, pool of cells that is the direct cently come from a pool of noncycling cells [14].

* precursor of the (IM-CFC. Since this transition is likely to be important to the
understanding of the relationship between the HPP-

Ke. words: HPI-(CF(" - (iM-('F(" - ttrdtilrd -- Kinetics CF( and the general GM-CFC population. we have
examined in detail the BrdCyd-labeling kinetics of

View% presented in this paper are those of the authors: no en- the cell populations involved.
dorsement h. the leense Nuclear gencx has heen given or To examine these kinetics, the changes in sensi-
should be inferred. livl, of GM-(F(" and HPP-CF(" to 313-nm light '. .

,to* Research was conducted according to the principles enunciated .%ere measured over an extended period of Brdd,
in the "Guide to the (are and tUse of lI horator. Animals ini devlomet,
prepared h% the Institute of lbhoratorxN Animal Resources. Na- infusion. The kinetics for the development of 3 13-
tional Research ( ouncil. nm light sensitivity for initiall ultraviolet (I V) re-
.Iddrrs rep~rint re'q %to D, r. M.P'. H~agan, t-xpe ntal He'- sistant tiM-|'F( are consistent with these cells hay-

matolog Department. Armed I orces Radiohiolog, Research In- ing recentl\ entered the cell 'ecle fron ia pool ol( ,,

stitute. Bethesda. Ml) 20h 14. t SA., cells. In addition, the turnover time for this pool of' -
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Fig. i. GM-CFC survival after Brd- .,
Cd. 313-nm-light treatment. After ? I

DAYV2BrdCyd infusion for the period shown. > 0 -- DAY 6
cell suspensions of GM-CFC were ex-
posed to the fluence of 313-nm light in- ~
dicated. Control cultures were derived - 4 DAY 8-
from animals not receiving BrdCyd. "

shown when they are larger than the Q 0 0

symbol. Data represent the mean of
triplicate samples. 0.02 - -- - -- - -- '"-"_--

G,, cells and their response to endotoxin challenge consisted of Connaught Medical Research Laboratory (CMRL.

are consistent with a close relationship between the Toronto. Canada) 1066 medium containing 10% (vol/vol) fetal
cells within this G,, pooi and the HPP-CFC [9. 13]. calf serum, 5% (vol/vol) horse serum, 5% (wt/vol) trypticase soy

broth, 20 g/ml L-asparagine. and antibiotics. After 10 days of
incubation at 37*C in 5% humidified CO, in air, GM-CFC were
scored as colonies ofmore than 50cells. For HPP-CFC, the same

Material and methods double-layer agar technique was employed as by Metcalf-and
Johnson [19], but rat spleen cell-conditioned medium (CM) and

Mice. B6D2F, female mice. 12-16 weeks of age (Jackson Lab- PMUE were used as colony stimulants. Single-cell suspensions
oratory. Bar Harbor. ME), were used throughout. Control and of rat spleen were prepared at a concentration of 16 x 106 cells/
experimental mice. randomized with respect to age, were main- ml of medium. The pokeweed-mitogen-spleen-cell CM was pre-
tained on a 6:00 AM to 6:00 Pm light-dark cycle. Wayne Lab- pared as described by Metcalfand Johnson [19). Rat spleen CM
Blox and hyperchlorinated water were available ad libitum. Prior and PMUE were each used at 6% (vol/vol). The culture medium

toan trMtmnt were each usedmte at 6%oatr (vod/tio). The cutramdu
to treatment, mice were acclimated to laboratory conditions for contained 25% heat-inactivated, pooled human serum. The mar-
two weeks. During this time, the mice were examined and found row cells were plated at 5 x 104 cells/dish. An eyepiece graticule - -

to be free from lesions of murine pneumonia complex and of was used to assess colony size. All colonies greater than 2 mm --

oropharyngeal Pseudomonas sp. in diameter were considered to be derived from HPP-CFCs. Ex- " " "

periments were routinely performed in triplicate with the mean
.BrdCd labeling. BrdCyd labeling has been described elsewhere and standard errors reported on the Figures. The data in Figuree ,.

[14. 21). Briefly, BrdCyd labeling was accomplished with in- 5 represent duplicate experiments.
dwelling osmotic minipumps filled with 150 mMf BrdCyd (Cal-
biochem-Behring, San Diego. CA) in sterile, pyrogen-free water.
Minipumps (Alza Corporation. Palo Alto, CA) were implanted
subcutaneously on the dorsal surface during chloralhydrate an- Results %
esthetization.

The time dependence of the BrdCyd labeling ofGM-
313-nm-light irradiation. Murine bone marrow cells, suspended CFC was measured for infusion periods of 1-8 days. " -

at 5.0 x 101 cell, ml in Dulbecco phosphate-buffered saline, were For these measurements, cell suspensions were ex-
irradiated with monochromatic 313-nm light (10-nm band width) posed to graded fluences of 313-nm light, after which

at a flux of 15.0 J Om is 1. The irradiation source consisted of a the surviving fraction of GM-CFC was determined.

through 80mm of 1.0 x 10 4M dAde and focused onto a mono- For each of the resulting survival curves, two com-
chromator (model 7024. Oriel Corporation). The flux was de- ponents of UV sensitivity were detectable. As can '. .-

termined with a model 8334A thermopile and microammeter be seen in Figure 1, there are two components of ,-'""-

(Hewlett-Packard. Palo Alto. CA). cell survival, the more resistant observed for flu-

(f.(I. assay On each dax of the infusion period, cell suspen- ences greater than 200 J/im 2. The proportion of cells --

sions were prepared ofpooled axially derived bone marrows from more resistant to 313-nm light decreased from ap-
the femurs of three mice. GM-CFC' [161 were assayed by the proximately 70% after one day of infusion to ap-
double-layer agar technique. The agar medium was plated into proximately 15% after eight days. " '
60-mm plastic Petri dishes as follows: bottom layer. 2 ml of 1.0% This decrease in the size of the resistant popula-
agar (Bactoagar. Difco. Detroit. MI), 2 ml double-strength me- lions was further analyzed by plotting in Figure 2
dium. 100 ml pregnant-mouse-uterus extract [ 17], 150 ml mouse aa .e
L-cell-conditioned medium 118): top layer. I ml of 0.66% agar the proportion of 313-nm-light-resistant cells versus
and I ml double-strength medium. Double-strength medium time. GM-CFC survival values at a fluence of - 300

- - - - . .... .... ....
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Fig. 2. Decrease in the proportion ofGM-CFC resistant to 313- u
nm light (see text). The fraction of resistant GM-CFC is estimated ,
from the fraction of GM-CFC surviving a fluence of 300 I/m , -

Pump dead time represents the time from the implantation of
minipumps to the time at which BrdCyd is present in the pe- 001

ripheral blood. Fig. 4. Effect of endotoxin (ETX) on GM-CFC survival after

BrdCyd/313-nm-light treatment. Endotoxin was administered (see
Materials and methods) 24 h after the implantation of mini-
pumps. For comparison, the survival data (shown by the dashed -.
line in A) represent normal GM-CFC after 48 h of BrdCyd in-

Z 10 fusion.

t 0 5 above. By normalizing to unity the survival values
" 5 at 300 J/m 2 (i.e., fluence value of the secondary

8 shoulder), one sees in Figure 3 that no significant
6 change in the fluence value of this shoulder region

4 occurs during the eight days of BrdCyd infusion.
01. . - - ] The significance of these shoulder regions will be

0 200 400 600 800 1000 addressed later in detail.
FLUENOF. m

To determine whether either GM-CFGC popu-
Fig. 3. Survival ofthe UV-resistant component ofthe GM-CFC lation could respond to a proliferative stimulus, II.
population. The data presented in Figure I were normalized to ed
unity at a fluence value of 300 J m -. The resultant survival endotoxin was administered to a group of mice 24
curves are indicated by a number corresponding to the number h after the implantation of BrdCyd-containing mini-
of days of Brd('yd infusion, pumps. The intraperitoneal administration of 2.5

g/mouse of Salmonella typhosa endotoxin pro-
J/m ' were used to estimate the proportion of col- duced changes in two of the survival curve char-
ony-forming cells in the resistant cell population. acteristics described above. The data in Figure 4A
From the resulting curve, one notes that initially show that the fraction of 313-nm-light-resistant cells
none of the GM-CFC are sensitized to 313-nm light, dropped to approximately 15% 24 h after the endo-
Over the initial two days of BrdCyd labeling, how- toxin challenge and was essentially unchanged over
ever, approximately 55% of the GM-CFC rapidly the subsequent five days of infusion. In addition,
became sensitive to 313-nm light while the remain- the sensitivity of this population to 313-nm light
ing 45% were sensitized considerably more slowly, appeared to increase with time: that is, a comparison
The slowly labeled component demonstrated a half- of the width of the shoulder at the 15% survival
time for labeling of 5.5 days. In addition to the level revealed a measurable decrease as the period
decrease in the 313-nm-light-resistant cell popula- of infusion increased. This shift in the shoulder val-
tion. two other characteristics of the survival data ue contrasts directly with the data for the nonchal-

* in Figure I are of interest. First, for fluence values lenged hosts, viz., Figure 3.
less than 100 J;m 2. a shoulder appears on the day- I Both the G,, nature and the responsiveness to
and day-2 survival curves. This shoulder was re- endotoxin of the GM-CFC precursor cell are char-
duced to less than 50 J!m for the survival curve acteristics associated with the HPP-CFC [13, 20).
determined at day 4 and eliminated by day 8. It was decided, therefore, to measure the kinetics of -'.-
Secondly, the fluence value of the inflection in the BrdCyd labeling ofthis cell type. The HPP-CFC was
survival curve appears not to be a function of the cultured and identified with the techniques detailed --

infusion period. This inflection identifies the in Materials and methods. Additional confirmation ..-
313-nm-light-resistant cell population described of the HPP-CFC was provided through the small

2..-
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Table I. Decrease in femoral content* of HPP-CFC and GM- A Fluence, J in'
CFC 2 h after injection with hvdroxyurea (Hu)O 100 290 300 40 500 600.

HPP-(FC GM-CFC 0 6-

De- % De 04-
Pre-Hu Post-Hu crease Pre-Hu Post-Hu crease

I) 6471 5805 10.3 18,531 13.496 27.2 02 4 6 8 0 12,
2) 8308 8088 26 20.689 11.844 42.8 Infuson Peiod, d
3) 5420 4607 15.0 18,432 11,300 38.4
4) 7175 6583 8.3 36.600 17.460 52.3 B

Mean 9.1 -. 2.6 Mean 40.2 + 5.2 " , .. Day 1 ,

Mean values from four individual replicate experiments are \ .

shown. Four mice were used per replicate. Femoral contents 04 4.

were pooled. HPP-CFC and GM-CFC assays were performed

on the same marrow samples. 0.2-

Hu. 900 mg, kg, was injected intrapentoneally. oav 5

a, 0.1-

fraction of these cells sensitive to hydroxyurea, a 0.06

characteristic of the HPP-CFC [13]. The data, shown in 004- 
\Day

in Table 1. relate this property and agree well with
the published difference between GM-CFC and HPP- 002

CFC [13]. It indeed, the HPP-CFC form this pool 001

of cells that are precursors of the GM-CFC. then 0 100 200 300 400 500 600 *6

they should survive the BrdCyd/3 13-nm-light treat- Fluence, J m' ,

ment in a predictable manner. They should be non- Fig. S. Survival of HPP-CFC after Brd('yd, 313-nm-light treat- *....

cycling. Therefore, there should be no S-phase pop- ment. (A) Theoretical survival curves for the precursor of the
ulation to give rise to a shoulder at 200-300 J/m 2 . GM-CF(. Minimum (plateau) values in survival were deter-
Further, a plateau in survival should be present for mined from the data in Figure 2. (B) Actual survival data for

each infusion period. This plateau value should de- the HPP-CFC (it and GM-CFC (0) for the infusion peIods
crease at the rate shown in Figure 2. Survival curves for duplicate experiments (n = 6). GM-CFC data points are mean

illustrating this ideal behavior and actual H PP-CFC values from duplicate samples.
survival data are presented in Figure 5. In Figure - .'."."

5A. survival curves with no shoulder and a mini- From the data in Figures 1-4. four characteristics ,
mum or plateau are shown for increasing periods of of the BrdCyd labeling can be defined. First, as ex-
Brd(yd labeling. When these plateau values are pected, the fraction of the GM-CFC initially resis-
plotted against their associated infusion periods, the tant to 313-nm light is near unity. During the
resulting simple exponential curve mimics the curves BrdCyd-labeling period, however, this UV-resistant
shown in Figure 2. The survival curves for the HPP- fraction decreases. The pattern of this decrease in

(F( shown in Figure 5B were derived from the survival discloses two subpopulations with signifi-
mean values of duplicate experiments. Also shown cantly differing labeling kinetics. The more rapidly
for comparison arc the survival curves for the GM- labeled GM-CFC subpopulation comprises approx-
(F(" population measured from the same pool of imately 55% of the Iotal GM-CF" and the more
cells as one of the HPP-('F" determinations, slowly labeled cells comprise the remaining 45%.

Secondly, the sensitivity to 313-nm light of the IIV-
Discussion resistant subpopulation does not change with time.

However, a steady-state decrease is seen in the pro-

The present work reports the cell survival response portion of cells resistant to 313-nm light. This de-
after Brd('%d 313-nm-light treatment of (M-('F(" crease is approximately exponential with a half-time
derived from muTne bone marrow. Brd(',d infu- of 5.5 days. Third. the proportion of t IV-resistant
sion was used to effect Brdl'rd labeling via the in cells decreases markedly in the first 24 h for mice
vivo deamination of Brd('d [21. 22]. The kinetics injected with endoloxin. Lastly. in contrast with the
for the Brd('Nd labeling have been determined b normal steady-state response, mice injected with
measuring the time rate of change in sensitivity to endotoxin exhibit an increase in the sensitivity of """
313-nm light of the (iM-('F( population. the JV-resistant (M-('F" component, this ellect

.... .... .... - .. -. .... .... ....
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* is observed by a decreasing shoulder value with in-
, GENERATION 1 GENERATIONcreasing periods of BrdCyd infusion. STEADY

To interpret these results, it is first necessary to ------- 1E-.
consider the possible routes for the in vivo BrdCyd . ,
labeling of any population of proliferating cells. From CYCLING .'- ," -. '..%

data obtained in vitro [221, one knows to expect two ,, ST. ELTED

components of BrdCyd labeling, both with rapid ._,_ _

kinetics (i.e., half-times of less than one cell cycle). PRECURSOR COMPARMENT GM.CFC J
These two components arise through (a) the incor- 1 ... u..... 1...............

SNORMALt I UOR NO , ' t OE 2 CiENC AT IOh C IS APPROXIMATEporation by cells in the S-phase of a sufficient amount 45 T . . .....5 T ....E TOT-AL

of BrdUrd to be conditionally lethal upon exposure ,S LESS TTAN 12h,

to UV light, and (b) the progress into S-phase of Fig. 6. Kinetics model for GM-CFC production (see text for
cells initially not synthesizing DNA. However, in explanation).
vivo a third route (viz., the differentiation into the
compartment being assayed of cells labeled in the
precursor cell compartment) represents an alternate a 5.5-day half-time for the turnover of the G,, cell
pathway for the accumulation of labeled cells. This pool. Furthermore, the G,, nature of the precursor
pathway for the accumulation of BrdUrd-labeled of the GM-CFC requires the precursor population
cells appears to be apropos for the UV-resistant GM- to be either fully labeled or completely unlabeled
CFC. Unlike the data for experiments performed in with BrdCyd. This point will be important later.
vitro, which show near-maximum sensitivity to 313- The GM-CFC precursor pool was also manipu-
nm light after one or two generation times, the data lated through its response to a stimulus to prolif-
presented here show a population of GM-CFC that erate. After the administration ofendotoxin, this G,
is fully sensitized only after some eight or more days. pool was exhausted. Whether this occurred through
a period much longer than the GM-CFC generation cell proliferation or cell mobilization from the mar-
time that would be estimated from the results of row cannot be determined from these data alone.
suicide experiments, viz., approximately 12 h [23]. The effect of each would be the same: viz., each
Moreover, the UV sensitivity of this population does process would remove unlabeled GM-CFC from the
not change with time, yet it has been shown earlier population responsible for the time-dependent in-
that these cells have an S-phase fraction of approx- crease in sensitivity to 313-nm light. Interestingly.
imately 50% [14]. Thus, these cells are not them- after the administration of endotoxin and the sub- '-

selves postmitotic. Since these GM-CFC are cycling sequent depletion of the G,, pool, a time-dependent -

in the steady state but arc "seeing" the BrdCyd label increase in sensitivity to 3 13-nm light occurred (Fig.
for the first time. it is likely that they have recently 4). This effect was most likely due to a recent episode
entered the assayable (M-CFC compartment from of DNA synthesis for the cells filling this GM-CFC
a nonc cling. or (. population not assayable under precursor pool. This increased sensitization to UV
the same conditions. light may also occur in the absence ofan endotoxoin

If the (iM-(F( that are initiallh resistant to 313- challenge and simply have been obscured in the un-
nm light are supplied to the (iM-(F(" compartment challenged animal by the presence of the large frac-
directl\ from a pool of proliferating cells, their I V tion of precursor cells that are normally in a G,,-
sensitivity would presumably increase with time. phase and thus are not labeled b% the BrdCyd.
Thus, in time. the fluence value for the shoulder Therefore, this increase in sensitivity to tIV light -

region of the survival curve ould decrease and the apparentl% induced by the endotoxin ma, not be
slope of the sur\ i\al curv\ would increase. This does dependent upon the endotoxin challenge but ma-
not happen. If the precursor population %cre corn- only have been rendered detectable b% it.
posed largely of a (i,, fraction. ho\c\er. those CiM- A model that is consistent with these findings is
(F( derived fron the 0,, ssould possess just such presented in Figure 6. Although the model is quite ,--*-
properties as described for the slowly labeled 313- general, it is constrained at several points b\ the
nm-light-reststant cells: that is. the shoul1der value present data. For example. the model has been lim-
would not change "ith time. but the proportion of ited to two generations of (iM-(F( by the high

' resistant cells "ould. Furthermore. the rate of the percentage of(,M-('F( that appear to be in the lirst
decrease %%ith time of the proportion of' these cells generation of labeling (i.e.. 45"/E showAn in Fig. 2).
resistant to 313-nm light implies that the precursor Furthermore, the (i,, pool is shown as a precursor
population is itselflsupplied at a rate consistent with pool and not a (6M-CF( reser\ oir. This is due prin-

,.. :- .:>.
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cipally to the high S-phase content of both GM- be a GM-CFC contaminant of the HPP-CF( assay.
CFC moieties 1141. The previously reported lower In fact, such a contaminant has been reported by
buoyant density of the GM-CFC that are being [a- others when human serum and mouse spleen-con-
beled for the first time is a further indication that ditioned medium are used to induce the expression
first-generation GM-CFC are progeny of the phys- of HPP-CFC [1 3]. Using the plateau survival values -. . ..

iologically distinct precursor pool [2, 3, 14]. The from Figure 5. the half-time for turnover of the
final constraint upon the model is that the GM-CFC HPP-CFC is approximately four days. These quan-
compartment is being fed by a separate cell type and titative differences notwithstanding, the qualitative
not by self-renewal. This property has been sug- pattern of survival of the HPP-CFC after BrdCyd/
gested byotherson the basis ofthe inability to prop- 313-nm-light treatment is consistent with the pre-
agate GM-CFC in vitro [24. 25]. Here, the evidence dictions made for the GM-CFC precursor. Although
against self-renewal is that first-generation GM-CFC these data support the notion that the HPP-CFC
are labeled much more slowly than the rate at which give rise to the GM-CFC. there is no indication from
the GM-CFC are cycling. Self-renewal in the GM- these assays of the nature of the proliferative cell
CFC compartment thus appears to be limited to, at population that supplies the HPP-CFC. The present
most, two generations. data suggest that, if the HPP-CFC is the precursor

The cell kinetics of one candidate for the GM- of the GM-CFC. then the HPP-CFC must be sup-
CFC precursor, the HPP-CFC [9, 13], were mea- plied from a proliferative cell compartment at a rate
sured, and the data are presented in Figure 5. This that, in the steady state, is consistent with a 5.5-day
cell type has previously been shown to be both slow- half-time for cell turnover.
ly proliferating, ifat all, and responsive to endotoxin
challenge [20]. Both of these are properties consis- Acknowledgment
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Abstract. Using the monoclonal antibodies OX7 indirect evidence that these three glycoproteins are
HL. W3 13 HLK. OXI HLK. OX22. and the tech- also found on the rat colony-forming unit spleen
nique of fluorescence activated cell sorting, it was (CFU-S).
possible to characterize the phenotype of the rat Thyl antigen was first described in the mouse
marrow CFU-S as OX7 upper 20% positive. W3' where it was shown to be present on T cells, thy-
13 lower 50% positive. OXI positive, and OX22 mocytes. and the brain [2]. Thyl is also found on
negative. OX7 recognizes an antigenic determinant thymocytes and neural tissues of rats, but not on
expressed on the Thyl glycoprotein. W3 13 recog- peripheral T cells [3. 41. In the rat, expression of
ni/es a determinant expressed on some sialoglyco- Thvl appears earlier in the development of hema-
proteins, OX I recognizes all four apparent molec- topoictic and lymphoid cells than in the mouse.
ular weight forms of leukocyte common antigen. Unlike the murine CFU-S. which expresses ex-
while OX22 recognizes only the high molecular tremely low levels ofThy 1 [5]. the rat hematopoietic
weight forms of leukocyte common antigen. It was stem cell [6] and T- and B-lymphocyte stem cells
determined that the concentration of OX7 upper [7. 8] express high levels of Thyl. This fact has
20/0 positive. W3 13 lower 50% positive, OX I pos- enabled Goldschneider et al. (9] and Castagnola et
itive. and OX22 negative cells in the marrow was al. [10] to purify substantially the rat CFU-S using
3085 _- 1446,10' cells. For comparison, the cal- the technique of fluorescence activated cell sorting.
culated concentration of marrow stem cells using a In the rat, Thyl is recognized by the monoclonal
2-h seeding efficiency was found to be 501 (FU-S; antibody OX7 [11].
10" cells and, using a 24-h seeding efficiency, it was The monoclonal antibody W3 13 labels a rat ..

found to be 1415 CFU-S 101 cells. Although re- LSGP found on thymocytes. T cells, and the brain.
quiring further refinements, these results suggest that but not on B cells [12]. In this respect, the tissue
an assessment of CFU-S marrow concentration distribution ofthe W3113 antigen is similar to ThyI .
might be achieved using multiparameter flow cy- In the marrow, however. W3 13 is found on gran-
tometry,. Also. a technique for the conjugation of ulocytes plus some other nucleated cells while OX7
the Fab' fragment of the monoclonal antibody OX7 labels cells with a lymphoid morphology [13]. Re-
to phycoerythrin is described. cently. Dyer and Hunt ( 14] have demonstrated that

W3,13 positive bone marrow cells are capable of
Rai ( FI'-N permanently repopulating the T- and B-cell com-

partments of an irradiated host. Because both lym-
phocytes and granuloc tes are believed to be derived

There are three major glycoprotemns found on rat from a common pluripotent hematopoictic stem cell
th moc\tes that account for approimatelk 50% of (('FIS) it is likely
the total membrane gl~coprotcin and nearly all of'.ta h xrsso fW 3.

antigen extends back into the ('Fti-S compartment.
it, sialic acid [ I]. These glscoproteins arc Th. I . lu- L-( 'A has been detected on oxer 95% of rat bone
koec Ic sialogl~coprotein ltS( (it). and leukoelc te marrow cells [15). making it likely that L-(A will -"-

common antigen (L-(A). There is both direct and be found on rat ('FI-S. Anal\sis of rat L-('A b\

electrophoresis in sodium dodecl sulfate gels in- - -
Rcs"cjrt h sjs nd, id .i Lrhng lo, the prrtniple' cnuncavitd dicates that rat L-('A exists in t our torms o '222 ()1( ).
in he "(,uide lr the ( are nd I se t'I Ibh,ral,r, .\nmas' 2(1 ,000. 190.000, and 180.(10( apparent molecular
pt pared h\ hc i aw r \ Aic t t ,I h ,rjt lrrt S

, 
NRa- Ili -.

tmn,,a I Rcse.ar, h u it n, i Ieight. The monoclonal antibod\ OX I recognizes

Idlr, tr. , I)r K \ ti( .rlh 1)iparitlnil all four apparent molecular \\eight forms \\hile the
- i-flwnir\ \rmcd Iork" Rs,,whhiIg H car Ih Innti oiv monoclonal anlibod\ ()X22 recogni/esonlI the high

,iethcd., ,1I) 2,,X1- 1 ., molecular \&eight forms ,I 0. It has been reported
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that the high molecular weight forms of murine the DTT by passage over a P-10 column equilibrated with 0.1
L-CA are not expressed on the murine CFU-S [ 17] If NaPO,/O. I A NaCI pH 7.5 and allowed to react with malei-
and therefore the possibility exists that the rat mide-PE. The maleimide-PE was prepared as described above

for maleimide-OX7. After 24 h. the PE-OX7Fab' conjugate wasCFU-S also does does not express the high molec- separated from the remaining material bN passage through a TSK-
ular forms of rat L-CA. G3000SW column.

From the work cited above, it is hypothesized that
the phenotype of rat CFU-S is OX7 positive, W3/ Cell labeling. Bone marrow cells were incubated with the con-
13 positive, OX I positive, and OX22 negative. The jugated antibody(ies) at 4"C for 30-45 min. For unconjugated

purpose ofthis sdevelop the appropriate antibodies, bone marrow cells were incubated with the pnmary
stud' was to (monoclonal) antibody at 4*C for 30-45 min, washed twice (4immunofluorescent reagents and labeling protocols min centrifugation at 500 g), resuspended in PBS-10% FCS plus

enabling this hypothesis to be tested using the tech- the FITC-labeled secondary antibody, and incubated at 4*(" for
nique of fluorescence activated cell sorting. 30-45 min. Labeled cells were washed twice (4 min centrifugation

at 500 g) and resuspended in PBS-2% FCS, at a concentration
of 5-0.5 x I 01 cells/ml for cell analysis and sorting on the FACS-

Materials and methods 11. All reagents were titered to insure maximum labeling. -- -

Rat5 Lewis rats were obtained from Charles River. MA. at four Cell sorting. Dual parameter flow cytometry measurements and
weeks of age. Experiments were performed at eight weeks of age. sorting were made with the FACS-I (Becton-Dickinson FACS

Systems, Mountain View, CA). The argon laser was tuned at 488
Cells. Rats were killed by ether anesthesia. Single-cell suspen- nm and run at400 mW. The emitted fluorescence light was passed
sions from various lbmphoid organs were prepared in phosphate- through a 520-nm long-pass filter and 530-nm series-D color-
buffered saline containing 10% fetal calf serum (PBS-I0% FCS). glass filter (Ditric Optics, Hudson. MA) and through a dichroic
Red blood cells were lysed using an ammonium-chloride-potas- (570 nm) beam splitter (Becton-Dickinson. Mountain View, CA)
sium buffer. to two photomultiplier tubes. The green photomulliplier tube

was shielded with a 530-nm band-pass filter and a 540-nm short-
(F'-Sassav. A total of I x 10 to 1.5 - l01 nucleated rat bone pass filter (Ditric Optics). The red photomultiplier was shielded
marrow cells in I ml PBS-2% FCS was injected into irradiated with a 580-nm sernes-D color-glass filter and a 590-nm band-
rat recipients (900 rad total body radiation. 40 rad min "Co). pass filter (Ditric Optics). The green PMT was set at 850 V and
The spleens were removed 1 I- 12 days after injection [ 181 and the red PMT at 650 V. The compensation for the red fluorescence
fixed in Bouin solution. channel was set at 3.6. No compensation was needed for the
lntibodies. 0X7 IL ascites fluid. FITC-W3 13 green fluorescence channel.

HLK, and fn the results reported for the cell-sorting experiments, all pos-
FITC--OXI HLK were purchased from Pel Freeze Biologicals itive sorts were greater than 92% pure while all negative sorts
(Rogers. AR). OX22 HL ascites fluid was purchased from Ac- were greater than 95% pure as determined by running the sorted
curate Chemical IWesibury. NY). FITC-Fab'). goal-antimouse cells back through the FACS-Il.
lg(i (Fc specific) was purchased from Cappel Labs (West Chester,
PA, f"U-S seeding eflicienct- The 2-h and 24-h seeding efficiencies

I for ('1I. -S were determined according to the method of Simino-
(,,ntuatton reassnts Ph.coethrin RPEI. its p .ridldisulfide vitch et al. [201. Brefly. 1.06 - 101 marrow cells from a pool ofderiate. dithiothrelitol (l)TT). and succimmid1-3-maleimdl five donor rats were injected into three intermediate recipientsben/oate (SMB) were purchased from Molecular Probes (June- that had previously been irradiated (900 rad at 40 rad mm -"('o) -.- .

tion (it%. OR) either 2 h or 24 h earlier 2 h later the intermediate recipients
were killed and a splenic cell suspension was prepared. One-tenth

,,,~atl,,n of 0. to I' A total of 0. 1 ml (X7 ascites was of an equivalent spleen was injected intravenously (iv.) into ten
diuted to ii ml w ith () 2 If NaPO, (I 1! NaCl pH 7.0: I5 secondary-irradiated (900 rad at 40 rad mm -'Co) recipients I I
lambda of MB solution (4 33 mg SMB dissolsed in 0.1 ml in or 12 days later the number of spleen colonies was scored. The
s\ -dimeth',l formamide) was added and the reaction stopped ('FU-S content of the original cell suspension was determined as
I h later bk passage o\ era P- II gel filtration column equilibrated described abos e.itlh i1 1 i Nall. 0 1 %1 Nat I pH 75. the solution was im-

rnmdiatl mised with PE-SIt (which had been preciousl, gen-
crated from the P[ .S--prid\l derati\e b\ reduction with 50
mitl I)11 l91) at a final wt wt oncentration (f I nig PE I mg Results
()\- -\ter 24 h. the Pt - )\ ' Onlugate was separated from the
nintonjugated material h% passage oser a TSK--3000SW col- ( ltl()I(,lillt" tfoX'

7
, W"3 13, 0A\I, and

urns (I Kit. (,aithcrsburg \11) ( 22 monoclonal antilodw.t',

It, 'l )\I51T lmrnmunglbulin asprepared frIom The first experiment listed in Table I shows that " -
-% .,,ti-, fluid h\ prei ptatmi "ith IS w,, t wNaSo, The labeling marrow cells with PE-OX7 and FITC-W3

Ig(, was dlgraded with 2, (%t w1l pepsin in (I I Itf Na acetate 1 3 resulted in a decrease in the number of CFU-S
pit 4 lot 2'f h it A'-( ( I ab (ragments were generated from %
the Flab preparation h% reduton w h 2'1 mlt DI I in (( I that could be detected in the spleen I I or 12 days
II Na( I-(, I 1 b,,ratl

c
-ii tI i itratc-2 riof I DI) ,\ pit S ()at after injection. Subsequent experiments (Table I)

2 ?"t ,,r k),) min I he Iab -%If tragnments %ere scparated frm indicated that this could be attributed soleI to the

.'w "
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Table 1. Effect of monoclonal antibodlies on the development 7 0 .-- ___I

of rat hone marrow4 CFli-S 60 A B C D

(FL -S 10 cll 50-..
(mean St- M-

Exp .- ntiboJ Da 11 a: ( 40-

I None 298K 4,3 (0y137 4.6 (W)
FlT(-"5 ( 3 20-

PFE4)XI- 6(01 (.6(6) 6 (2)20

2 None 308X 5.2 (4) 32.5-: (4) 10-. ~ -, ..

FITC-3 3 1.3).0 3.0)(4) 35.5 - 65 (2) .7 \

I Niine 201.4 1.4 (5) 32.6 1.7 (5) Green Fluorescence fog)

PE-ox' 44 2.5 (5) 9.5 3.2 (4) Fig. 1. Relative fluorescence distribution of marrow% cells in-
FIT(-OX' 2.5 - ((7(6) 3- 2.0 3)~ cubated with FIT(-W3 13. The letters refer to the sort windows.
OX.'1 2 8 0 (.9 (6) 3.3 -0.3 (4) The distribution is from a total count of 30.000 cells. 1.Unlabeled

4 None 140) h .0 (2) 37.) 1 .0 (2) cells - FITC-W3/13-labeled cells -o--o-. Mean % positive
PE -.- X'Fah 3((00 8 2 (3) - cells from ten determinations was 39.7 -~2.8 SE.
PE-oX'Fab

FVT( -WI (3 12.2 -2.5 (5) -

i None 33.01) .7 (4) 36,7 -3.5 (3)ts.- ----- . .

OIx 1 .9 -4.7 3) 7.9 0).8 (3) A0 B C
OX22 22 1 3.2 (3) 34.2 0.3 (3) 90-

6 None 32.0 7.8 (5) 49.9 (0.6 (5) 75
OX)1 4.9 1.4(b) (2.3 2.7 (4)
FIT( -OX 1 (5.3 -2.5 (5) (1(.8 - 2.0 (5) 460-

The da\ at wshich spleens from recipients were removed for 0 i

e~mnation. 04. q
Vleinparentheses are number of spleen% examined. 30-

Alantihod%.lluorochrome preparations were titrated to give--
maximum fluroescence as ana I/ed b\ flowk cytometr%. 15- t

'0X7 and OX(I were used at a final dilution of 4 lambdas of -- '

(:10(0 dilution ofascites fluid per 10' cells in (3.1 ml. -0 ~
Red Fluorescence (log)

Fig. 2. Relative fluorescence distribution of marrowk cells in-

0X7 monoclonal antibody and could be avoided cubated with PE-OX7Fab'. The letters refer to the sort windows.
by uingthe E-07 cnjugte n is Fa' frm. The distribution is from a total count of 30.000 clls. Unlabeled
b\ sin th PEOX7conugae i it Fa' frm. cells - PE-OX7Fab'-labeled cells -o-o-. Mean '1/ positive

Other experiments listed in Table I show that la- cells from ten determinations was 52.6 -2.6 SE.
beltng marrow cells with OX I and FITC-OX I also
resulted in a decrease in the number of CFU-S that
could be detected in the spleen I I or 12 days after
irradiation. This loss or cytotoxic killing of CFU-S cells with PE-OX7F7ab' did not displace FITC-WA3
was not observed when bone marrow cells were in- 13 from CFIJ-S (Table 2. exp. 3).
cubated with OX22 or \V3 13 monoclonal antibod- Figure 2 shows that 5 1% of all nucleated bone

to. marrow cells could be labeled with PE-OX7Fab'.
Similar results were obtained with FITC-0X7 and
PE-0X7 (data not shown). The CFIA-S was found

Singtle paramleter sorting of O.17. W'3 13. primarily in the upper 20%/ of the 0X7 staining cell
0.122. and ()XJ labeled mnarrow cel population, which is window c (Table 2. exp. 4).

Figure I shows that labeling nucleated bone marrow Sorting bone marrow cells labeled with FITC-
cells wsith FIT('-\N3 13 defined two cell popula- OX I demonstrated that those CFl-S which escaped
lions: a bright population and a dim-negative pop- the cytotoxicity of FITC-OX I are OX I positive
ulallon. Sortinig the cells according to the windows (data not shown).
a. b, c. and d as identified in Figure I demonstrated Figure 3 shows that fi3i of bone marrow cells
that rat (FII-S are W3 13 positive (Table 2). Fur- could be labeled with 0X22 plus F[TC-F(ab'). goal-
ther. CH T-S appeared in the lower 50%/ of the W3,r antimouse lgG (Fe specific) antibody. Sorting these
13 bright (or positive fraction defined as window c cells according to windows a and b (Table 2. exp.- -

(Table 2. exp. 2). It should also be noted that labeling 5) demonstrated that CFLI-S arc 0X22 negative.
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Table 2. Development of spleen colonies from stngie-parameter sorted cells -

Maximum ealcu-
CFtJ-S, 101 cells lated enrichment:'

Sot /0Celsin (mean -rSE) CFU-S2 101

Exp Reagent window, wtndow Day III DaN 12 Day I I DaN 12 ,~

I FITC-53 13 a -b 56 -6.9~ 1.6 - 65
(6)%

c- d 44 -53.6 -3.9 - 83
(7)

Irradiated -0.8 - 0.5 - -

control' (5)

2 FITC-V3 13 a 23 0 -134 -

b 28 3.3 1.9 -110 -

(3)

(4)

d 25 6.5 _-1.2 -124 -

(4)

3 FITC-W3 13 and PE-OX7Fab' but a -b 54 6.3 - 2.A 57 -

sorted only on FITC-W3'13 green (4)
fluorescence c -d 46 25.0 -4.5 -67 -

(4) i
Irradiated 2.5- 0.5 - - -

control (2)

4 FIT(-W3 13 and PE-OX7Fab' but b 42 3.0 ±0.9 3.1 -1.1 74 87
sorted only on PE-OX7Fab' red (4) (31
fluorescence c 10 304.0 -25.2 328.4 40.3 309 365

(5) (5)
Irradiated 0 3.0 - -Icontrol (I) (I)

0X22 FITC-Flab(,2 GAMIgG(Fc) a 36 95.5 *18.1 113.4 - 11.9 86 101
(4) (4)

b 64 6.2 -2.2 7.4 -2.5 48 57
(4) (2)

'S"e Ftgure 1. Figure 2. or Figure 3.
D~a% at hich Spleens from recipient rats were removed for examtnation.
Number in parentheses refers to number of spleens examined.
Expressed as number of nodules per spleen.
1 SO(1 10' cells injected results in confluence of colonies in recipient spleen.
See fiioonote tw Table I

IOAl -aaEtrSirl'o and It2 3oh-aee cells and injection of the double positive fraction into
b ()'t nd (X22d()hlf.-l~CIC( ctISirradiated recipients. however, it was determined

To determine whether both PE-0X7 and FITC- that 82%/ of all recovered CFU-S were found in the
%%3 13 could stmultaneously identify CFLJ-S as double positive window (Table 3. exp. 1). When
would be indicated b-, experiments 3 and 4 in Table marrow cells were sorted for the 0X7 upper 20%/

*2. a double-labeling and sorting experiment was per- positive and the WV 13 lower 50%/ positive, an 88-
formed. As seen in Figure 4. following incubation fold enrichment of CFUI-S was realized (Table 3.
with PE-OX7Fab' and FIT('-WN3 13 and analysis exp. 2).

*on FACS-1l. three major marrow subpopulations By double labeling bone marrow% cells with PE-
Aere distinguished. In this analxsis it was deter- OX7Fab' and 0X22 plus FITC-F(at'). goat-an-
mtned that 42%. of marrow cells were W3 13 neg- timouse IgG (Fe specific) (Fig. 5). it was found that
ati'e and OV7 positive. 140.o were double negative. 370/ of marrow cells were double negative. 6% w \ere

*and 39"n were W3 13 positive and 0X7 negative. 0X7 positive and OX22 negative. 50%1/ were double
%%hile onl' 4"1 "ere double positive. A~fter sorting positive, and 7% were 0X7 negative and 0X22

r -
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Table 3. Des elopment of spleen colonies from dual parameter sorted cells

fl Maximum calculated
('- S 101 cellIs enrichment'

Cells5 (mean SE) ('FU-S 10' cells --

Exp Sort window, in midoss Da% I I DaN 12 D~a% I I Da 12

I All Nk3 13 positise ON' po%- 4.00) 326,8 -20.8 445.0) 57.8 7-72 913
ttive (4) (4)

All cells other than NV3 13 9t,.00 7.5 - 5.6 4.0 0.O5 32 38
positive. 0X7 positie (3) f3)

2 W3 13 fraction c OX' frac- 0,45 2540.0 -157.9 3180.0 _ 1'3.8 6867 8111
lion C (4) (4)

Irradiated control' 0.0 3.1)

3 All OX22 negatise, ON' 0.47 4380.0 506.4 4600.0 -214.5 6574 7766

t raction c (5) 16)
All cells other ihan OX22 99.53 3.4 -0.7 2.3 -0.9 31 37

negatise. ON' fraction c f5) (4)

See appropriate Figures.
Expressed as nodules per spleen.
D~ue to the large number of- rats required for these experiments. it was not always possible to run a normal rat marrow control with
each experiment. Therefore, the maximum calculated enrichment was calculated from an average of eight (Fl1-S determinations using. .

normal marrow that sielded 301.9 -4.8 (Ft -S 10' cells as measured at da I I and 36.5 -3.1 (Ft'-S 101 cells at day 12. Assuming
a 100% recovers of (FL:-S and that all Cf-lI-S are defined hN the parameters listed in the second column, these normal CFU-S -

incidence %alues "sere then disided In% the percent cells in windosis for the respective experiments to give a maximum calculated -

enrichment.

positive. It should be noted that the second antibody,10
A B

also tagged 0X22 negative and sIg positive cells. 90.
Sorting on the parameters upper 20% OX 7 positi ve0.
and 0X22 negative resulted in a 127-fold enrich- 75,

ment of CR I-S (Table 3. exp. 31. It %%as calculated !260'
that 90% of all recovered CFU-S were defined by,.
these parameters.

30, ~
Concentration ofOA7 upper 2011v positilie. . f .

W83 13 towet(r 50"' positI'e, and 0X22 neganive

I-usin ie flarrisvGreen Fluorescence ltog)

To arrive at the concentration ofcells in the marrow Fill. 3. Relatise distribution of marro%% cells incubated with

characterized by the phenotype 0X7 upper 20% 0X22 plus FIT(-F~ab) 7 goat-antimouse lgOi (Fe specific). The
letters refer to the sort windowks. The distribution is from a total

positive. W3 13 lower 50%/ positive, and 0X22 neg- count of 3(0.000 cells Cells labeled with FIT(-F(ab I, goat-an-
ative. 0X22 negative cells were first separated from timouse (Fc specific- or OX22 plus FITC-Flab )z goat-
0X22 positive cells by sorting on the FACS-11 and antimouse (f-c specific) %lo- ean % negative cells from eight
then relabeled with PE-OX7Fab' and FITC-\V3 13 dtriaosws4) . E
and reanalyi'ed on the FACS-Il. Using this approach
it was possible to estimate that the number ofOX7
upper 20% positive. W3. 1 3 lower 50%/ positive, and seeding efficIency, 1. This factor takes into account
0X22 negative cells in the marrow is 3085 1446 that onl\ a small percentage 01 the CFU-S injected
10' cells (Table 4). i.v. ever lodge in the recipient spleen. Two estimates i s

of I that are most widely used are those that are
derived from mice or rats irradiated 2 h or 24 h

Estimatioin of the (I-.S~ concentration iet rat
1'iite nariiobas-ciitOthe M'din diwie- fprior to their use as intermediate recipients. The

24-h postirradiation seeding efficiency is believed
In the mouse and rat, the concentration of CFti-S to take into account postirradiation splenic shrink-
1 0' marrow cells can be estimated by use of' the age and therefore the 24-h t is usuall less than the
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EKU
Green Fluorescence (log) Green Fluorescence (log)

Fig. 4. Iss -color fluorscncenasio macros cells labeled Fig. 5. T' u-color iluor~e~ n fl ni ofarriss elkI labeled
* iih PF- \N-al, and s -- I-" 1 lo. 1(cli \,ere analscd. with t'E-J)X'Fab and \X2 plus F: I( F ab I, goat-amntlouse

I hc Ot rc,!tiei ,a pprowate h sor tndi u defined 1i Ift speciftc .31.11)00cel iir ana/e I he 'w ofan ch
the l'aramiters O)x uppe poii and 5533 losser s0%' approximates the sort ins dfine b te paramieter% (A-
positise, Mean 1 distriutinn St- irs cleicrminatiiv upper 2(', positi\c and OX \ negat~ Me1 ", distributio~n
double posiise cells 4.3 -14. )X posie. Wl 13 neizatise SE Ifrom three deicerminatins douhl post e cells 46, 9 * 6.

*cells 4h.2 -4. 8: (A"~ negai eW31 poi% e cells 32.1 - 2.' OX2 positise. O)X" negaeclhI- 0 1). OX22 negatise.
double negatise cells li .. OX' positise cells .S - 2 doubl negatie cells 41.4 2.4.

table 4. oncentration of OX" upper 211, positise. \x3 13 lo" er 5h0"( posit- e. and 0\ 22 negatise cells in rat marross

OX22 egan% e cllsO\22 negatise. OX' tipper 20"(, posi-that are OX' upper t~.\ 3l~r5",pst~
OX22 2i'1,, poit e.5N3 13iie.533lser1',poti

Tx sp negtin ic loser SO",~ positi s e ' Prr 10 cellIs

Il.11 10.61 0.18 1X10-

3-. o.64 0.24 24 13
1 41. 171 -0 113 "110

4 41.0 1 (IS OMS1 '

34 3.1 -7S -'2 o11 11)(.14 31110- 1446

The pairameters def. iinrg tht is Lo isrdc' sre detcr$i nd Usingnormal niarrios be hire ma kiig the measurements i the h(A N' -negatIi'c
marr ...

2-h i. This pattern was also obscrv ed tn the present Signili cant enrichment of'( I-I'-S s\ as achliesed h\
experiments ([Fable 5). D~epending onl s hether the gating on) the set of parameters O.\ Li pper 211o
2-h or 24-h I was used in the calctulation. it \Nas plisitisc W.V3 13 lowe.r SI0"o posirix or- OX7 Lipper

determined that rat marross (4I1'-S concentration 2()1, positi se. and OX22 negatix e. ( iating onl thle
is 501 or 141 5 1l0' cells. respectisc el able 5.fornmer set of'sort parameters resulted In anl 88-told

pu rification ot(C '-S )5 ss ile gating oin the latter set
Discussion of sort Pararneters, resulted in 1 2"401id purification

of'C (-IS. Of' thle ses era) esperimntsl designed to
['sing the reagents PE-OX 'Lab . 1:11( -\N 13. and achies e mlaiMMti purification of' ( LI-S. thle one

0X22 plus F] [('-Flajb). goixjl atttlousc- lg(j f Yt Fe teling thle higthest punirts iif( II -S ssas that using
specific) and the technique of fluorescence actiis ated thle sort parameters% ON' tippet III", pOS ii s e and
cell sorting. it wits possible to demo nstrate that thle W.1 13 lower 50%'i positis (d-ata not sfiiis 13. Fn-
phenov, pe of'tbe rat (CH '-S is ( AX - upper 20"o (Iis- ricient of'( 11 *-. approaching l0(.i0(1 (It -S 10'
itixe. W3 13 losser 501% positts'e. and t )\22 nega- cells ss as achies ed. but 0111\ 51", of' thle reciis ered

* t~ive. A conmbination of' ON I cs tito ci i and cell (TI *-S %ss' fr otind tiilbe characti-ri ,ed b\ this plie-
*sorting also demonstrated that thle rat (I: ['-s i' nit pe.

OXI positise. I hecontlcentralitin olcells it ra t na~rris stitl the
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Table 5. Determination of seeding efficiency f

Corrected
CFL;-S ",."

Cells injected Recipient CFU-Sispleen CFU S, 10' cells 1 10, cellsj . '1'.*,

Day I I
0.775 - 106 Primary 21.8 tz 5.2 (5) 28.12 6.7 .. ,
)06 - 106 2-h intermediate

24-h intermediate
10% of interme-

diate spleen 2-h secondary 29.0 ± 3.5 (4) 9.7% 289
24-h secondary 11.5 ± 2.5 (4) 3.9% 723

Irradiated control 0.8 ± 0.2 (6)

Day 12
0.775 x 106 Primary 35.3 - 2.9 (3) 45.6 3.8
106 x 10' 2-h intermediate

24-h intermediate
10% ofinterme-

diate spleen 2-h secondary 41.4 ± 4.5 (5) 9.1% 501
24-h secondary 14.5 t 2.5 (2) 3.2% 1415

Irradiated control 0.6 ± 0.3 (3)

phenotype 0X7 upper 20% positive, W3/1 3 lower probability of going undetected by gross examina-
50% positive, and OX22 negative was determined tion of the recipient spleen than those interior col-
to be 3085 ± 1446/106 cells. For the purpose of onies growing in murine spleen.
discussion, if it is assumed that in the marrow only An alternative explanation would be that the mu-
CFU-S are characterized by this phenotype, then rine spleen supports the growth of spleen colonies
the actual concentration of marrow CFU-S would that are not only derived from mulhipotent CFU-S
be twofold to ninefold higher than those values for but also committed CFU-S, The latter type of col-
marrow CFU-S concentration determined using the onies are observed at eight days after transplantation-.
classically defined seeding efficienciesf Depending and some of them disappear by day 12 [23]. Further,
on whether a 2-h or 24-hf was used, it was calcu- the murine eight-day CFU-S has a different phe- "--.,
lated that stem cells are present in rat marrow at a notype than the 12-day CFU-S [24]. In the rat, no
cjncentration of 501 or 1415 CFU-S/10 6 cells, re- eight-day CFU-S colonies are observed. All spleen
spectively. Alternatively, using the extrapolation colonies are scored between II and 12 days after ______

method described by Van Bekkum [211 to measure implantation [181. Thus, the murine CFU-S assay
f which generates a value of 0. 7% and a rat marrow may overestimate the actual concentration of mar-
stem cell incidence of 7000 CFU-S/10 6 cells, it might row hematopoietic stem cells. The work of Boggs et
also be concluded that not all rat CFU-S are char- al. [25] presents evidence that this may be true.
acterized by the above-mentioned phenotype. Using a limiting dilution assay based on the cure of

In the mouse it has been determined that the con- anemic W/W' mice by +/+ marrow transplanta-
centration of marrow CFU-S is between 1090 (2-h tion, they were able to calculate that the concentra-
f) and 3585 (24-h 1)/10' cells [22]. Although these tion of stem cells in the mouse is approximately 100
values for murine CFU-S concentration are consis- CFU-S/10 6 cells.
tent with that suggested by flow cytometry for rat A n e n
CFU-S concentration, these values for murine
CFU-S concentration are not consistent with the Supported by the Armed Forces Radiobiology Research Institute.
values for rat CFU-S concentration determined us- Defense Nuclear Agency. under Research Work Unit MJ 00027. -

ing f A possible discrepancy that might arise be- Views presented in this paper are those of the authors: no en-
dorsement by the Defense Nuclear Agency has been given ortween the CFU-S assay in the rat and mouse is that should be inferred.

in both species the hematopoietic colonies that de-
velop in the spleen are approximately the same size References
yet the rat spleen is 5-10 times larger than the mu- 1. Pink JRL (1983) Changes in T-lymphocyte glycoprotein
rine spleen. It is likely that those colonies growing structures associated with differentiation. Contemp Top Mol %

in the interior of the rat spleen would have a higher Immunol 9:89

r
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The restorative effect of thymosin fraction 5 (TFS) on the thymus of "y-irradiated mice was
examined. Four different mouse strains were used in this study since earlier work determined
that the degree of response to TF5 is strain dependent. The responsiveness to comitogenic -
effect of interleukin I (IL-i) was used to measure the rate of recovery of immunocompetent
cells in the thymus, since only more mature PNA- Lyt-l 1-2 medullary cells respond to this
monokine. Contrary to several earlier reports that radioresistant cells repopulating the thymus
within the first 10 days after irradiation are mature. corticosteroid resistant, immufocompetent
cells, the thymic cells from irradiated mice in all strains used had greatly reduced responses to
IL-I. Daily intraperitoneal injections of TF5 increased significantly the responses of thymic
cells to IL-i in 10- to 13-weeks-old C57B/KsJ. C57BI/6. C3H/HeJ, and DBA/t mice. Older
mice. 5 months or more in age, of DBA/t strain did not respond to treatment with TF5.
However. C3H/HeJ mice of the same age were highly responsive. In conclusion. (1) cells
repopulating the thymus within 12 days after irradiation contain lower than normal fraction
of mature IL-I responsive cells, (2) thymic hormones increase the rate of recovery of
immunocompetent cells in the thymus, and (3) the effect of thymic hormones is strain and age
dependent. 1985 Academic Press. Inc.

INTRODUCTION

Clinical and experimental data have firmly established that the thymus gland is
of critical importance for the normal development and acquisition of T-cell function.
However, although it is recognized that T-cell proliferation and differentiation take
place in the thymus, it is by no means clear how these processes are regulated
[reviewed in Ref. (1)1.

Much work has been presented to show that soluble substances extracted from
the thymus. referred to as thymic hormones, affect many parameters of cell-
mediated immune responses and, therefore, may be the inducers of thymic immu-
nocompetence (2-7). Some of these hormone preparations stimulate maturation W :4

and proliferation of T cells (8-10). Most of these studies have demonstrated these

Research was conducted according to the principles enunciated in the "Guide for the Care and Use - -"

of laboratory Animals" prepared by the Institute of Laboratory Animal Resources. National Research .,
~Council.
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effects of thymic hormones on T cells from bone marrow or spleen, whereas studies
of effects of thymic hormones on thymocytes themselves are few and controversial.
Using thymocytes from children undergoing open heart surgery. Ho et al. (11)
showed that incubation with thvmosin fraction 5 (TF5) or (Y, enhances expression
of OKT-3 and decreases TdT markers, an indication of maturational changes for
human thymocytes. Following in vitro incubation with 100 pg/ml of IF5 murine . %, , ,
thvmocvtes exhibited enhanced production of interleukin 2 (IL-2) and colony-
stimulating factor (CSF) (12). TF5 acted on mature PNA cells since an enrichment
for PNA cells but not PNA cells resulted in significantly increased responsiveness.
Other reports indicate, however, that incubation of the thymus or thvmic cells with
thymic hormones did not result in changes in cell markers or in acquisition of
functions characteristic of mature medullarv thvmocvtes (13. 14).

The negative results in the above experiments may relate to the complex
immunomodulatorv mode of action of thymic hormones. The effects exerted by
TF5, which is a preparation extracted from bovine thymus and consists of 40-50
polypeptides ( 15), serve to illustrate this point. TF5 was shown to be most effective
in a large number of clinical and experimental systems when used in treatment of
immunodeficiency states [reviewed in Ref. (16)]. For example. mouse strains
susceptible to infections with Candida alhicans or low responders in the in vivo
release of lymphokines, migration inhibitory factor (MIF). or Interferon-Y (IFN-y),"
become resistant and highly responsive following daily administration of 5 ug of
TF5. Both responses of resistant high-responder mice, however, were lowered
following similar administration of TF5 (17, 18). Therefore, it appears that recon-
stitution of immunologically defective function rather than augmentation of normal
levels of responses characterizes the action of hormones such as TF5.

Ionizing radiation has a profound suppressive effect on the thymus gland. A
dramatic involution in the murine thymus develops following even low doses (150-
200 cGy) of -y irradiation. Regeneration, as measured by weight and mitotic index.
begins 5-7 days after irradiation (19). The thymuses of radiation-immunocompro-
mised mice may present a convenient model to observe the effect of thymic
hormones on the maturation of the cells in the thymus. We have, therefore,
examined the restorative effect of treatment with TF5 on the thymic cells from
irradiated mice. Previous work has established that the effectiveness of treatment
with TF5 varies widely in different strains of mice. C3H/HeJ mice susceptible to -
infection with C. alhicans and low responders in the in vivo release of MIF and
IFN--y become resistant and release high titers of the two lymphokines into
circulation following daily administration of TF5. However, RF/J and DBA/I
strains, that are also susceptible and low responders, were not affected by hormone
administration (17. 18). In addition. C57BI/KJ and C57B1/6 mice, that are normally
resistant and high responders, become susceptible and low responders to (. a hicansv
when compromised by induction of a diabetic condition (20). These two strains
also responded to treatment with thvmosin with enhanced resistance. lymphokine
release, and delayed footpad reaction to C alhicaix. The above mouse strains were
chosen for this study of the eflct of administration of TF5 on the rate of recovery
of immunocompetent cells in the thymus of irradiated mice.

Thvmic involution that begins at puberty is presently not understood. Since it is
possible that this process depends on reduced production and/or responsiveness to
thvmic hormones, mice ranging in age from 10 weeks to 6 months were included
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482 NETA ET AL.

in the experiments. As a measure of thymocyte function, we have chosen to assay
changes in responsiveness to IL-I, since previous work established that only more
mature PNA- Lyt-l+-2 - cells respond by proliferation in this assay (21-24). .-.

In this paper we demonstrate that following irradiation with 450 cGy administration
of TF5 accelerates the rate of recovery of IL-I responsive cells in the thymus. This
effect is strain, as well as age dependent. :__. ,"..

MATERIALS AND METHODS

lice. Inbred strains of female mice (C57BI/KsJ, C57BI/6J, DBA/lJ, and C3H/
HeJ) were obtained from Jackson Laboratories, Bar Harbor, Maine. The mice were
housed in the Veterinary Medicine Department facility at the Armed Forces
Radiobiology Research Institute in cages of 10-12 mice with filter lids. Standard
lab chow and HCL acidified water (pH 2.4) were given ad libitum. All cage cleaning
procedures and daily injections were carried out in a microisolator.

Irradialion. Mice were placed in Plexiglas restrainers and given whole-body
irradiation at 0.40 Gy/min by bilaterally positioned cobalt-60 elements. The total
dose was 4.5 Gy (450 rad).

Thymosin fraction 5. This was obtained through the courtesy of Dr. Allan
Goldstein, Department of Biochemistry, The George Washington University School
of Medicine. Washington, D.C. The control fraction, kidney fraction 5, was also
kindly provided by Dr. Goldstein. Both lyophilized fractions were diluted in pyrogen-
free saline (Travenol Labs.) containing 100 U/ml of penicillin and 100 ug/ml of
streptomycin to a final concentration of 10 ug/ml. Each mouse received 0.5 ml
daily intraperitoneal injection.

Thynic cell suspensions. Three to six mice per experimental group were sacrificed
via ether anesthesia on the days postirradiation as noted. Thymuses were removed.
cleared of any parathymic lymph nodes, and placed in Hanks' balanced salt solution
(HBSS-GIBCO) on ice. Single cell suspensions were prepared by passing the
thymuses through a Millipore screen (20-mm diameter) and then a 23-gauge needle
and syringe. The cells were washed two times in HBSS (200 g, 10 min, 4'C). and
resuspended in complete medium containing RPMI 1640, 10% calf serum (Hyclone),
100 U/ml penicillin. 100 ug/ml streptomvcin, 10 ' .M 2-mercaptoethanol, and 2
mtl -glutamine. Viability for all cell suspensions was found to always be >951%.

IL-! preparations. Two preparations of IL-I were used. IL-I purchased from
Genzyme with a sp act of 100 U/ml was used at a final concentration of 5 and I
U/ml (Lot Nos. 094a, 095a). IL-I was also prepared in the laboratory according to
Gerv et al. (25). Briefly, resident peritoneal macrophages were lavaged from C57BI/
6 mice. Cell suspensions containing 2 X 10' cells/ml were allowed to adhere for 2
hr to the surface of plastic Costar 2506 multiwell dishes and then after removal of
non-adherent cells, were incubated for 24 hr at 37'C in 5% CO, with 20 Pg/ml of
lipopolysaccharide (Difco. Detroit, Mich.) and 60 ug/ml of silica (gift from Dr.
Alison D. O'Brien, Department of Microbiology, Uniformed Services University of
the Health Sciences) prepared as specified (26). The supernatants were used in
dilutions ranging from 1:50 to 1:250. Controls which consisted of cell culture
supernatants to which LPS and silica were added at the termination of the culture
did not have any stimulatorv effect.
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IL-I assais. The assay was performed as previously described (25). Briefly,
triplicate cultures for each IL-1 dilution and background control were set up in 96-
well flat-bottom microtiter plates (Costar 3596, Cambridge, Mass.). Two cell
concentrations were used in each assay, usually 0.1 ml/well of 3 X 10' cells/ml or
1.5 X 107 cells/mi. PHA (Wellcome Burroughs, Greenville. N.C.) was added to the
cell suspensions at a final concentration of 1.0 ag/ml. Following 48 hr incubation
at 37°C in 5% C0 2, cells were pulsed with I ACi (3Hjthymidine per well. The cells
were harvested 18 hr later (Skatron Cell Harvester, Sterling, Va.) onto glass filters
which were then counted in Scintiverse If on a Mark [i Scintillation counter to
determine thymidine uptake. Statistical analyses were performed using Student's
t test.

RESULTS

(1) ('57B1/KsJ. Mice of this strain, when immunocompromised by induction of M -

diabetes, became responsive to TF5 in that they developed enhanced resistance to
C. albicans, increased titers of MIF and IFN-y, and increased delayed footpad
hypersensitivity (20). We performed three series of experiments, each with 10-12
mice per group. Since variations were detected in the baseline responses in each
series, the results of the experiments were not combined. Table I summarizes one
series of these experiments that compares the magnitude of comitogenic effect of
IL-I in thymocytes from TF5-treated and control mice. Mice were 3 months old at
the time of irradiation with 450 cGy. The results are expressed as mean counts per
minute (cpm) t standard deviation (SD) of triplicate culture containing 1.5 or 3.0
X 106 thymic cells per well incubated with or without 1:100 dilution of IL-I W
preparation (equivalent to 5 units per ml of Genzyme IL-I). The responses to two
other concentrations of IL-I used in each assay indicated the linearity of respon-
siveness to IL-I (data not shown). It is apparent that normal C57BI/KsJ mice can
be characterized as low responders to IL-i. The recovery of cells/thymus on a given
day after irradiation is very similar for the individual experimental groups and
agrees with previously published observations on the initial cell recovery in the

TABLE I

Effect of Thvmosin Fraction 5 on Comitogenic Response of Thymocytes from C57BI/KsJ Mice to IL-I

D 46 D+9 D+I2

I reatment I.-I Control IL-I Control IL-I Control

Ihmosin 23743 ± 7678 527 t 284 22432 t 10489 444 ± 15 14989 ± 1050 2673 + 23

fraction (1.1 > 10') (8.0 X 10') (5.3 x 10')

Saline 814 _ 281 267 ± 66 791 ± 136 283 + 33 400 + 75 448 + 41 ow
l

(1.0 10') (80 X 1o') (5.2 1 o'()
Irradiated 1174 ± 553 721 + 423 293 ± 139 548 1 187 22() + 71 302 ± 19

onl, (1.8 t ()') (9.0 1()

Normal. 1709 .- 486 779 - 175 2287 477 309 3

non-irradiated

No'e Thsmwy.tes were recosered at dass after irradiation and cultured at a cell concentration of I 5 16 cells/well
(for ) 61 or 30 :. 10' cells/well (for D + 9 and 1) + 12). Results are mean cpm - SI) or tnplicate cell cultures with
5 units/ml r It -I or of controls the numbers in parentheses are the number of cells recovered per thsmus

. . . .. %
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thymus of irradiated mice (19). A striking difference, however, may be observed in
the responsiveness of cells to IL- 1. The TF5-treated thymocytes responded significantly
more than the control and the saline-treated or irradiated groups. In two additional
series of experiments 10-week-old mice were used, since 8- to 10-week-old CD-I
mice respond to IL-I with peak activity (27). Although much higher number of
cells/thymus were recovered from the normal, 10-week-old C57BI/KsJ mice (ranging
from 2.3 to 4.0 X 108 cells), the thymocytes in response to 1:100 dilution of IL-I
incorporated only 2-4 X l03 cpm of 3HTdR. Thus. lower levels of response were Y.-
observed in thymuses with higher cellularity. At Days 6, 9, and 13 after irradiation
the TF5-treated mouse thymocytes from C57BI/KsJ mice responded at 73, 129 ± 7,
and 80 ± 60% of normal control responses, respectively. The saline or kidney
fraction 5-treated control groups had only 19, 41 ± 37, and 10 ± 9%, and irradiated
mice had only 40. 8 ± 11, and 13 ± 8% of normal control responses on the same
davs. Therefore, despite the reduced effect of the treatment with TF5 in 10-week-
old C57BI/KsJ mice a marked greater response was still obtained from TF5-treated
than from saline/kidney fraction 5-treated. or irradiated mice. We conclude,
therefore, that treatment with TF5 in comparison with saline or kidney fraction 5, ' -
enhances the recovery of IL-I responsive cells in the thymuses of irradiated mice.

(2j (57B1/6. Twelve-week-old C57B1/6 mice were used in three series of experi-
ments. Since in C57BI/KsJ mice a strong effect of TF5 was apparent already 6 days
after irradiation, the present strain also was examined on this day in all three
experiments. Days 12, 14, and 16 were included in addition to Day 6. The results
of the three series of experiments are combined in Table 2. It can be observed again
that the recovery of cells per individual thymus in different experimental groups on
a given day does not vary significantly. A decline in the numbers of cells per thymus
occurs on Days 14 and 16. Persistent levels of responses to IL-I, however, were

TABLE 2

Effect of Thy mosin Fraction 5 on Comitogenic Response of Thymocytes from
12-Weeks-Old C57BI/6 Mice to 11.-I

Freatment D f 6 D + 12 D + 14 D + 16

lh% mosin 1515 ± 446 1920 + 974 1965 + 720 3624 ± 312
fraction 5 (5.2 + 2.5 x 10) (2.8 X 10') (2.3 x 10") (1.75 X 108) ..-

Kidnes 380 - 208 169 ± 182 1466 + 575 0
traction 5 (7.2 _ 2.3 x 10) (3.3 X 10)) (1.7 x 108) (2.0 X I0)

I' < 0.001 ' < 0.02 NS 1" < 0.005

I Irradiated 614 + 334 0 782 + 658 1192 4 548
onlk (8.3 - 4.0 10) (2.7 , 10 ) (1.7 x 10) (1.1 x If0)

-' < (.02 P <1 0.02 P - 0.03 1' 0 0.05

Normal. 2533 + 1427
non-irradiatcd (3.61 + 1.3 , 10 )

\oft' Results of three separate experiments on I)a\ 6 and additional experiments from three different
-enes on [)a~s 12. 14. and 16. Results are expressed as Acpm-mcan counts of triplicate cultures stimulated

with 5 units/mI of- 11 -1I minus mcan counts oif triplicate controls, of 3 -l0' th~ mic cells/well + SD.
Numxrs in parentheses are of cells recosered per thsmus SI). I' salues were calculated h\ Student's t
test for a gseen group compared to 11t5 treatment.
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obtained only in TF5-treated groups. Mice treated with kidney fraction 5 had some
degree of response only on Day 14 after irradiation. This parallels the decline in
cell numbers in the thymus. The increase in response was not consistent as it was ... ,

41. not noted on Day 16. The irradiated group only responded to IL-I on Day 16 after
irradiation. In conclusion, (a) C57B1/6 mice, as previously indicated (28), are low
responders to IL-I, (b) irradiation of these mice results in a further decline of IL-I-
responsive cells, which persist despite regeneration of the thymic cellularity nearly
to control levels, and (c) administration of TF5 restores to normal the responsiveness
to IL-I on a per cell basis. This increase parallels the increase in cellularity.
Treatment with kidney fraction 5 did not induce similar effects.

(3) DBA/I. Mice of this strain were evaluated since in previous experiments TF5
did not affect their resistance to infection with C. albicans and their in vivo release
of IFN-,y and MIF. Animals of two different ages were used to determine whether
the responses to TF5 are age dependent. The particular choice of ages, 10 weeks
and 5 months, was based on the previous observation (27) that 8- to 10-week-old
CDFl mice had maximal responses to IL-I and 18-week-old mice had greatly
reduced responses to purified IL-I. The lower responses in older animals may be
an indication of reduced levels of immunocompetent T cells in the thymus, possibly
as a result of reduced effectiveness of thymic hormones.

(a) Thymocytes from 10-week-old mice at 6, 7, and 9 days after irradiation when
treated with TF5 showed consistently higher responses (Table 3). The thymocyte
responses were lower in animals treated with kidney fraction 5 or irradiated only.
Although lower number of cells per thymus were recovered in kidney fraction 5-
and TF5-treated animals than in irradiated only mice at 6 and 7 days after
irradiation, similar numbers of cells were recovered in TF5-treated group and
irradiated group at 9 days after irradiation. Depletion of cells, therefore, in the
thymuses of TF5-treated mice does not account for the apparent difference in the .'-

level of IL-1 reactive cells.
(b) The responses of thymocytes from 5-month-old mice evaluated in two series

of experiments are summarized in Fig. 1. None of the irradiated experimental

TABLE 3

Effect of Thymosin Fraction 5 on Comitogenic Response of Thvmocytes from
10-Weeks-Old DBA/I Mice to IL-I

D+ 6 D- +7 D 4 9

Treatment IL-I Control IL-I Control IL-I Control

Thmosin 5573 ± 757 1102 ± 333 3158 ± 775 1051 + 241 3270 + 1065 1344 + 521
fraction 5 (2.7 X 10') (5.5 X 10')  (6.0 10')

Kidney 1197 ± 176 769 ± 93 1067 + 91 522 t 44 979 ± 131 671 - 162

fraction 5 (3.3 0, 0') (5.9 Y 10') (4.4 (0'
)

P < 0.002 P < 0.03 1' < 0.02

Irradiated 1678 t 501 829 ± 89 1055 ± 51 744 ± III 1 324 ± 224 1110 + 240

only (5.1 X 10 ) (8.0 10') (6.0 × 10')

P < 0.01 P < 0.02 1' < 0.03 -

Normal, 2457 430 828 + 286 1718 206 714 + 196 9276 ±9101 1529 4 143
non-irradiated (L7 0 I0') 4.0 10 ) (3.3 1 10')

Note See Table I for details. 3.0 x 10 ' cells/well in all groups, 1' as in Table 2.
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groups showed the presence of IL-l-responsive cells at the cell concentrations used ,,
in the assay. The cellularity of the thymuses increased with no apparent influence -
of treatment. The only possible benefit of treatment may be observed on Day 20,
when the numbers of cells in the thymuses of TF5-treated group were threefold that
of the control normal animals. However, enhanced cellularity was also observed in
animals which were irradiated only. Thus we can conclude that TF5, although -.

effective in thymic recovery of younger animals, did not affect the recovery of the
thymus in older animals. Cell proliferation, however, takes place in these thymuses
following radiation injury, and at 12 days the numbers of thymocytes in irradiated
mice nears that of normal mice.

C3H/tteJ. Mice of this strain, 5-6 months old, were used for comparison with
TF5 unresponsive DBA/I mice of the same age (Fig. 1). Two series of the separate

experiments are summarized in Table 4. Since on Day 6 and 7 after irradiation the
recovery of cells in individual groups (6 mice in each group) was low, the cell
concentrations were reduced to 5 x 10- cells/well on Day 6 and to 7 X 105 cells/
well on Day 7. It is evident from Table 4 that on Days 6, 7, and 9 after irradiation
only thymic cells from TF5 treated mice responded to IL-I with increased prolifer-
ation. In contrast, equal cell concentrations from irradiated only, irradiated and
kidney fraction 5-treated, and non-irradiated normal mice were not responsive to
IL-I. In conclusion, unlike DBA/l mice, 5- to 6-month-old C3H/HeJ mice respond .-

to TF5 treatment with enhanced responses of the cells in the thymus to IL-I.

DISCUSSION
The experimental results reported here address three questions: (I) are the cells

repopulating the thymus in the early postirradiation phase immunologically com-

323% 176%6o D+6-- 6 o+'12 D+2
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FIG. i. Effect of thxmosin fraction 5 on comitogenic response of thy mocytes from 5-month-old DBA/
I mice to I1.-I. Results expressed in percentage of control responses: (E)-cpm (3 x 10' cells/well). (U)
cells/thymus (normal cells/thymus. 6.8 ± 2.8 X 10'). T. thymosin fraction 5 treated: K. kidney fraction
5 treated: R. irradiated only.
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TABLE 4

Effect of Thymosin Fraction 5 on Comitogenic Response of Thymocytes from
5-Months-Old C3H/HeJ Mice to IL-I ,*

D + 6 D + 7 D + 9 --

Treatment IL-I Control IL-I Control IL-I Control

Thymosin *4583 + 2112 753 + 79 **1938 + 174 432 ± 188 t6324 ± 493 1776 _ 619
fraction 5 (1.0 X 106) (3.1 X 106) (6.5 X 10')

Kidne, *1367 - 1000 736 _356 **1225 _ 203 540 _328 t1410 95 1607 _630
fraction 5 (1.0 X 106) (4.1 X 106) (5.4 X 107)

P < 0.02 P < 0.005 P < 0.01

Irradiated *1959 _ 2050 1713 + 1061 **937 ± 204 540 _ 255 t1349 ± 413 1683 - 198.Z . -

onl, (1.0 X 106) (4.1 X 106) (5.1 X 10)
P < 00. P < 0.05 P < 0.00.

Normal. 14096 t 1391 1499 _ 801 t6162 + 1189 937 _ 101 t3'2 ±_ 414 1905 + 249
non-irradiated (7.7 x 10') (1.9 X 101) (1.5 X 1-0")

*685 ± 187 475 _ 112 **264 ± 120 226 + 77 %

Note See Tables I and 2 for details. The number of cells/well were: *5 X 10'. **7 X 10'. t3 X 106. IL-I concentration
was 2 (1) 4 6) or 5 (1) 9) units/mi.

petent, (2) can thymic hormones exert an effect on these cells (or change their
composition), and (3) can genetic factors influence the effect exerted by thymic
hormones in irradiated mice.

Thymocytes from all of the strains examined, after irradiation with 450 cGy
showed reduction in IL-I responsiveness throughout the first phase of recovery.
Earlier studies bv Takada el al. (19), using mitotic index and thymus weight from
mice irradiated with 400 cGy concluded that thymus regeneration is a biphasic
process. Within 24 hr after irradiation, a precipitous drop in mitosis and in thymic
weight developed which was followed by nearly full recovery beginning on Days
5-7 until Day 12. Following this day a second drop in thymic cellularity was
observed which lasted until Day 20. Our observation on the recovery of cells in the
thymus parallels these findings. The mechanism of this biphasic pattern of thymus
repopulation remains speculative.

The immunologic competence of the cells initially repopulating the thymus is
controversial. A number of studies concluded that radiation-resistant cells repopulating
the thymus are immunocompetent. Blomgren and Anderson (29) compared cells .-

from normal thymuses with corticosteroid-resistant cells (CRC) for their radiation
resistance. They observed that corticosteroid treatment enriched the radiation-
resistant cells from 4% in normal mice to 50% CRC populations, and concluded
that these two populations may be similar. Studies by Konda et al. (30) examining
the buoyant density and T-cell markers of CRC concluded that this population was
similar to radioresistant cells present in the thymus 10 days after 880 cGv irradiation.... "
Using 760 cGy irradiated A/J mice. Kadish and Basch demonstrated that cells .. ,
recovered 9 days after irradiation had enhanced reactivity to Con A and PHA (31).
The histology of cortical and medullary regions of the thymus 10 days after
irradiation with 750 cGv resembled that of a normal thymus (32). Therefore it has
been proposed that the radioresistant cells in the thymus that repopulate the thymus

.............
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after irradiation present a population resembling the mature CRC. More recent
studies on the phenotypes of cells present in the thymus within 12 days following
irradiation demonstrated a relative sparsity of PNA-, Lyt-l *-2 cells (33). presently
recognized as the immunocompetent subpopulation that is responsive to IL-i
(21-24). Similarly, CTL-precursor cells were found 14 days after lethal irradiation
and bone marrow transfer but were not detected at 7 days after irradiation (34). In
another laboratory the frequency of CTL-precursor cells was about 50-fold lower
for up to 12 days after irradiation in the thymuses of bone marrow reconstituted
radiation chimeras (35). The same investigators also analyzed by flow microfluometry
the Thy-I phenotype of host-derived cells. Despite increasing numbers of Thy-l-
bright cells (considered immunologically immature), cells weakly stained with Thy-
I (considered immunocompetent) were not detected at 10 days after irradiation.

Our own observations using IL-I responsiveness as a measure of thymocyte
immunocompetence indicates a reduction in these cells from Day 6 to 12 postirra-
diation with 450 cGy. Given that the number of cells recovered from the thymus
at 6 days after irradiation represents about 15% of the number of cells in normal
thymus and nears normal at 12 days, the frequency of these cells in the thymus
must be greatly reduced. Together with the finding on reduced frequency of CTL
precursor cells (34, 35) and the scarcity of PNA, Lyt-1+-2- weakly Thy-I stained
cells repopulating the thymus after irradiation (33, 35) the degree of maturation of
radioresistant cells and the types of proliferating cells in a regenerating thymus need
to be reevaluated.

There have been numerous demonstrations that various thymic hormones prep-S arations are effective in treatment of immunodeficiencies (5-7, 36-39). The capacity
of these hormones to promote maturation, proliferation, and marker acquisition of
T cells in bone marrow or in spleen has been reported (8-10). However, the majority
of the successful experiments demonstrating the effect of thymic hormones have

-Z been conducted in vivo despite the fact that most of the in vitro experiments use
I doses of the hormones manyfold higher than the doses used in the living animal

(40). Possibly the action of this hormone is amplified in vivo via a mediating
mechanism absent in the in vitro systems. The relatively narrow range of optimal
doses necessary to achieve beneficial in vivo effects as well as necessity for daily
injections of the hormone represent some of the not yet understood complexities of'
the system.

Administration of KF5 in doses equal to TF5 did not induce enhanced respon-
siveness to IL-I in thymic cells from irradiated mice. Indications exist that certain
thymic hormones may be present in organs other than the thymus. However, their
levels in the kidney compared with the thymus are greatly reduced (41).

Although our results clearly demonstrate an enhancement of IL-I responsiveness
following administration of TF5 to irradiated mice, the mechanism of this enhance-
ment remains unclear. Several possibilities should be considered. (a) Stimulation of
the traffic of the bone-marrow-derived T-precursor cells into the thymus, (b)
promotion of maturation of intrathymic cells, and (c) enrichment for IL-I-reactive

"J cells as a result of selective depletion by thymic hormones of immunologically
j immature cells present in the thymus. The latter possibility does not seem likely as

the recovery of cells per thymus on a given day does not vary much between the
different experimental groups. Treatment with TF5 enhanced the level of II.-I

responsiveness in all four strains examined when the age of the mice was 10-12
I.•

I. '
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weeks. The role of genetic factors is suggested by the finding that 5- to 6-month-old
C3H/HeJ mice responded to treatment (Table 4) while DBA/1 mice of the same
age did not respond (Fig. 1). This difference parallels the previously observed effect
of TF5 in these two strains when resistance to C. albicans and in vivo release of
IFN--y and MIF were compared (17, 18). The same two mouse strains also varied
in their responses to IL-I. Three-month-old C3H/HeJ mice had 10-fold higher
response than 10-week-old DBA/I mice (data not presented). Although at 5 months
the response of normal C3H/HeJ mice to IL-I had declined, it was sill at least 2-
to 3-fold higher than the response of thymocytes from 5-month-old DBA/I mice.
[his apparent difference to a comitogenic effect of IL-I may be a reflection of

differences in the percentages of mature, immunocompetent cells in the thymuses
of these strains. For example, the percentage of medullary PNA cells differed from
14.6% in CBA mice to 9.5% in C57B1/6 mice (1). Perhaps these differences in the
numbers of immunocompetent cells in the thymuses of different strains may be the
result of differences in the levels of endogenous thymic hormones or of cell responses
to thymic hormones. The responsiveness of 5- to 6-month-old C3H/HeJ mice to
thymic hormones may be the reason for this strain's high level of IL-I responses,
and therefore the greater number of immunocompetent cells in the thymus. The
unresponsiveness of the DBA/ I mice of the same age would result in lower numbers
of IL-1 responsive cells in the thymus of this strain as observed in the present study.
As reagents to evaluate thymic hormones levels in mice of different strains become
available, this hypotheses may be examined.
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Abstract - Hemopoietic effects of the reticuloendothelial agent glucan were assayed in normal mice and in
mice hemopoietically depleted by exposure to "'Co radiation. In normal mice, glucan administration
increased the content of bone marrow and splenic transplantable pluripotent hemopoietic stem cells (CFU-s),
committed granulocyte-macrophage progenitor cells (GM-CFC), and pure macrophage progenitor cells (,%I-
CFC). Erythroid progenitor cells (Cl-U-e) %%ere increased only in the spleen. In sublethally irradiated mice
(650 rads), glucan increased the number of endogenous pluripotent hemopoietic stem cells (E-CFU) when
administered either before or after irradiation. The most pronounced effects were observed when glucan was
administered I day before. I h before, or I h after irradiation. In addition, the administration of glucan
before lethal irradiation (900 rads) enhanced survival. The most significant results were seen when glucan was
administered I day prior to irradiation. The possibility of using agents such as glucan to enhance hemopoietic
reconstitution and prevent septicemia following chemotherapy and/or radiotherapy is discussed.

* Glucan, a B-1,3 polyglucose, has been shown to 1983a). The multiple effects of glucan on the
modulate reticuloendothelial and immune responses. reticuloendothelial, immune, and hemopoietic
For instance, it has been shown that macrophage systems thus make glucan an intriguing candidate for

* proliferation, phagocytosis, adherence, and therapeutic use in instances of radiation-induced
lysozyme synthesis as well as primary and secondary and/or chemical-induced hemopoietic and immune
antibody responses, cell-mediated immune depression.
responses, anti-tumor responses, and anti-bacterial, The purposes of this study were to (a) delineate the
-fungal, -viral, and -parasitic responses are enhanced temporal hemopoietic responses elicited by a glucan
following glucan administration (Riggi & DiLuzio, dose known to stimulate reticuloendothelial and
1961; Wooles & DiLuzio, 1963; DiLuzio, 1967; immune responses in normal mice, (b) determine (lie
Dil-uzio, Pisano & Saba, 1970; Kokosis, Williams, feasibility of using glucan to enhance recovery from
Cook & DiLuzio, 1978; Dil.uzio, Williams, radiation-induced hemopoietic depletion, and (c)
McNamee, Edwards & Kilahama. 1979; Reynolds, determine the feasibility of using glucan to enhance
Kastello, Harrington, Crabbs, Peters, Jcmski, Scott survival in irradiated mice.
& Dil.uzio, 1980; Cook, Holbrook & Parker, 1980; U

DiLuzio, 1983). In addition, glucan has been shown
to alter hemopoietic proliferation and EXPERIMENTAL PROCEI)URES
differentiation. Specifically, increased numbers of
not only granulocyte-macrophage (GM-CFC),- pure
macrophage (M-(FC), and erythroid (CFU-e and MiCe
BFU-e) progenitor cells but also pluripotent In all experiments, 10- 12 week old female CH. Ue
hemopoictic stem cells that gi\c rise to these HeN mice (Charles River L.aboratories,

*progenitors (C'FU-S) have been obsers-cd following Willmington, MIA) were utsed. Animals were
glucan administration (Burgaleta & Golde, 1977; maintained on a 6 a.m. to 6 p.m. light dark cycle.
Patchen & Lotiova, 1980; Patchen & MacVittie, Wayne Lab Blox and hyperchlorinated water were

923
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\ available ad libitut. All mice were quarantined and euthanized and their spleens remo\ed. The spleens
. acclimated to laboratory conditions for at least 2 were fixed in Bouin's solution, and the number of

-,eeks before experimentation. During this time, the grossly ,isible spleen colonies were counted. "

mice were examined and found to be free of lesions Endogenous spleen colony-forming units (E-CFU.
of murine pneumonia complex and oropharyngeal were also evaluated by a method of Till & McCulloch

. Pseudononas sp. (1963). Mice were exposed to a 650 rads dose of'

total-body irrah'ation in order to only partially
Ghan oblate endogenous hemopoietic stem cells. Ten days %

after irradiation, the spleens ",ere removed and fixed[] Particulate, endotoxin-free glucan (ghcan-P) was in Bouin's solution. Then tie spleen colonies formed .

"-*. obtained from Dr. N. R. DiLuzio (Tulane University-.'. " ~by the proliferation of survi~ing endogenouIs "'--
School of Medicine, Nesw Orleans, LA) and was bytepoiraon fsui ng ndens
prepared according to DiLuiio's modification hemopoictic cells were counted.

(DiLuzio ei al., 1979) of Hassid's original procedure
"- (Hassid, Joslvn & McCready, 1941). Sterile saline Granloie-macrophage n in, cell tGA!-

was used to dilute glucan-P to either 3.0 mg or 0.8 C"') antd macrophage co/on forming cell (A-CI' "

* mg per nil. Mice were then i.,. injected %ia the lateral assa.s.- .,

tail ,eins with a 0.5 nil volume of the glucan HHemlopoictic progenitor cells committed to the
..* preparations yielding either 1.5 mg or 0.4 mg per granulocytc-i

* mou,,e. Normal control mice (not irradiated and not gauotcnacrophage lineage (CIM-Cl-C) were
- ue.aNrated andraiatio n o ntirrolted icnd n assayed by MacVittie's modification (1979) of the

(irradiated but not glucani-treated) were injected sith semi-solid agar technique originally described by
Bradley & Metcalf (1966) and Pluznik & Sachs" anl equkalent \ ohmic of sterile saline.

aeuaetou oftresie(1965). The upper agar-medium mixture for cell
suspensions consisted of equal volumes of 0.66%

Cell susWensions agar and double-strength supplemented CMRI 1066

Each cell suspension represented the pool of medium. The CMRL 1066 %,as supplemented with

tissues from three mice. Cells were flushed from final concentrations of 10% III:BS, 5% trypticase
femurs with 3 nl of Hanks Balanced Salt Solution so\y broth, 5Go heat-inactivated horse serum. -

(I BSS) containing 5% heat-inactivated fetal bo,,inc antibiotics and i -asparagine (30 pig/nrl). The agar-
serum (HIFBS). Spleen,, \\ere pressed through a medium mixture for the lower feeder layer consisted . .

- stainless-steel mesh screen, and the cells were wvashed of equal \olunles of 1.0% agar and supplemented
. from the screen with 6 ml of HBSS plus 5o HI-BS. double-strength CMRL 1066. Both pregnatit mouse

The total number of nucleated cells in each uterine extract (PMUE) (2.50'o %/v) and mouse I-

suspension , ,as determined by counting the cells on a cell-conditioned medi, m ([CM) (13%'0 .v ) were
-. hemocytometer. added to each I ml feeder layer as ,ources of colony-

stitulating actiity (CSA). Colonies (>50 cells) were

Irradiation counted after 10 days of incubation in a 37C
hunmidified en,.irontment containing 7.5(" ('02. -.-

Bilateral total-body irradiation administered tom humidiedienproent coaig 7n5% oh
theAl RI CO ,Ou . c a a oserat ot40 ads in fictnopoietic progetnitor cells committed only to the

the AI RR I ""'o source at a dose rate of 40 rads tethe
%.as used in all radiation experiments, tech e cied hM-N'ac!ittie & rsay hi-technique described b.\ MacVittie & Prova/nik

(1978). 1)ouble-haver agar cuhlures C'ere prepared as

.Spleen colon-formin. unit (ClU) a5ssay in the (il-(I C" assay except that no (5A was

Spleen colonv-forminU units ((l:I) bas.e been initially incorporated into feeder la.ers. This initial
shos. n to arise from the clotnal proliferation of absence of CSA eliminated the proliferation of (iMI-
pluripocni icmnopoictic stem cells. 1\oglcnous CIC. I \%o da,,s after the cells s\erc originally plated,

spleen colony-forming units (CILT-s) we rc evaluated ('SA ' as added b\ incorporating PMUFI and i CM
h. the method of Till & Mlc(tulloch (1961 ). Recipient into a mist urc of supplemented CMRI 1066
mice \%ere exposed to 900 rads of total-bodv containitg a final concentration of 0.33% aar, and "

* irradiation in order to completely etadicate pipetting (.5 il of this tnixturc on top of mite

enidogetnous hemopoictic sten cells,. Ihrec to S It ,re'iousI cultured cells. (u ilires \ctc incubated

later. 5 , 10' borie marros, or 5 x It' spleen cells or anl additional 25 da;.s at 37 ( in a humidified
\\ere is,. injected into thle irradiated recipietnts. tlln atmosphecre conitainitig 7.5''fi 0(), before scoritng

" dass after transplantation. the recipients verc colols fornation.

2. -.-
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Lrlvthroid c()lontt- ortning-unit (CFU-e) assav than the spkniic hemnopoictic responses, e g.

Bone marrow and splenic hemlopoietic progenitor 115 - 13511/ of' normal control %alues in thle bone_____
cells committed to thle erythroid lineage (CFU-e) nmrrow vs 270 - 50001 of' normal control %alues in
were assay-ed by a modification of thc original CFU-e the spleen. Interestingly, borne marro% ('[U-c values
plasmia clot technique descrihed by Stephenson, never rose above normal control %allies and, in tact,
Axeirad, McLeod & Shreeve (1971). Each ingredient were in most instances lower than control values.
was either reconstituted or diluted with This erythropoietic depression, hlo%%ever, was onlyN
supplemented alpha medium (SANI) (Weinberg, temporary, and by 30 days post -treatmnent',
NlcCarthN. M~acVitlie & lBaumn, 1981). Briefly, to hemnatocrir values in glUcan-P-treated mice had
tmake I mil of' the plasma clot suspension, the returned to normal control values (Table I).
following were mixed: 0.1 mil cells (5 x l0
nucleated cells), 0.3 tml f-IFBS, 0.1 nil 25%7, beef Glucanr-P~s elfect on enhaiwjng n'cot'et liont
emnbryo extriact, 0. 1 mil I 00% bovine serunm albumin, radiation- induced heniropoieti depletion
0.1 mil (0.02 mg) r -asparagine, 0.1 nil l0-'N 2- The endogeneous spleen colony assay was used to
mercaptoethanol. 0.) m) crythropoietin (Ep), and screen glucan-P for its ability to enhance
0. 1 ril of 37'C' bovine cit rated plasma. I mmediatel., hemopoietic pluripotent stein cell' recovery when
0.1 ml of' tile mixture was piperted into each of' six administered before or after a heniopoiericallv
microliter weclls. Step III aneniic sheep plasmia comnpromising, dose of irradiation. Table 2 presents
(Conniaught Labs, Inc., Swviftwater, PA) was used as data from experiments in which glucan-P was
the Source of [p. Bone marrow; and splenic CFU-e admniristered at 17, 11, 5 arid I days or I h before or
clot suspensions contained 0.25 and 0.5 untis Epi'ml, after a 650 rads dose of "Co irradiation. Because an
respectively. C~ontrol clots contained SAM in place enhanced E-CEUL response was anticipated, both a

* ofEp~tr inubaion t 37C i a hmidiied 1.5 mg and a 0.4 mg glucatt-P dose svere used in
atniosphere containing 50' CO, in air f'or 2 days, order to insure that discrete countable E-CFU

plasa cotswereharestd, fxedwit 5% colonies could be obtained. Glucan-P sva quite
gluteraldehyde. and stained with bcnizidine arid effective at enhancing E-CFU numbers even when

giensa N~ceod Sheeve& Aelrd, 979. A adniinistered as long as 17 days before irradiation.
(C1:L-e \%as defined as an individual aggregate of Howeser. as thle interval bet\%een glucan-P treatment
eight or more bentidine-positive cells, and irradiation ssas shortened, thle E-CFU response

becamie more pronounced, with almost equally
* Survival itudiesX dramatic effects being observed with glucatt-P

Mlice used in survis al Studies \%ere exposed to 900 adniiniistered at either I day or 1 Ii before
rads of total-body irradiation, and their suril "5as irradiation. A.lthiouigh not as pronounced as
checked daily for a period of' 30 days. preirradiatioti glucan-P treatment, postirradiation

glucarr-P treatment %% as also quite effective at
enhancing [.-(EU colony tormat ion. In f'act. glucanl-

RESUTlS P) given I h after irradiariort '5as almost as effective

Tetporl emooicicelf'cIs f ~t~cn- innoral at enhanciing [-(113 colon\ f'ortiat ion as; was
Tempralhenil~oeticetfect olguca-P i nomal glucan-P3 administered I Ii bef'ore irradiation.

Inice

F~igures I 5 illustrate (the temporal efftects of, I .5 (;/jjan 1 1 PJ 5 (l/jQ( on survival 0/ irradiated mnice
mig of' glucan -P on bone niarrow and splettic Because of' gdurcanl-P's ability to enhance
cellularit\ ( CHIs. (NIM-CC \1-CFC, and CIll-c hemlopoict ic recos er\ "' hen admiiniistered bot Ii bef'ore
responses, in normal mnice. Except f'or bone mnarross and at'ter irradiation, rte abilit v of, this acnt to also

(1-,thle absolute numibers of' these %arious enhance stirs isal iii ot herssise let hallv irradiated
herinopoicnic elemntt, all increased f'ollossirig glircati- animnals waN next iii'.estiganed. Hased otIt thle FAThU

41P adrniistratiotn. Peak splerric response,, \sere results, glucan-lP ssas administered eitheri I da\ or
consistent l\ obsersed 5daysN alfter glucan -P I h bef'ore or I Ih al'ter irradiation, As illustrated in
treat merit - il bone miarross ( - E11-s rcsponse also Fig. 6, I .5 roe of' glican- P administered I das bef'ore
peaked onl da,. 5 post -ttrearincur; liho\% eser. peak art orlherssise let hal dose of' irradiation sign ihfcartl\I

- mriarros~C IC aid \h- I C -responses did riot enhanced] stirsis a I [hint\ das postit Iradiat iott. 5111'
* occur until day I I post-trearriert. The bone ntarro\% of' rte I .5-nw ti can-P-treatcd tiice ss crc alise.
* ~hemlopoict ic responses w~ere also much less dramiatic Althbough thle prot ocol for1 t Ies stutdies included ot11lN
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Table 1. Hematocrit values in glucan-P treated mice

Day post glucan-P treatment
1 5 11 17 30 60 90 120

Hemnatocrit value
O'o of normal control 102±3 98±2 83±t3 89±4 99±3 101±3 100±2 102±3

Table 2. Effect of pre- and post -irradiation glucan-P treatment on E-CFU

Pre 650 rads Post 650 rads

-rime ofglucan-P 17 11 5 1 1 h I h 1 5 11 17
injection (days)

E-CFU
(016 radiation
control value*)
0.4mg(n 24) 174±29 261±45 306±52 590t90 548±66 539±60 408±48 141±48

1.5mg(n =24) 326--26 442±45 990±110 1503±177 1448±174 1355±139 447±95 260±35

*Radiation control E-CFU values for - 17, - 11, -- 5,- 1, - Ill, + lh, + 1, and ±5 days were 1.9±0.2, 2.0±0.3, 2.1±0.4,
1.9±0.4, 2.2±0.6, 1.7±0.7, 2.3±0.7 and 10.0±1.8, respectively.
*Not quantifiable due to confluent colony growth.

Effect of Preirradiation [-1 day) Glucan-P Treatment
10o on Survival Of C3IiIHeN Mice

60

60 .1 5 mg Glucan P + 90t iads

ap 400 4 mi GIcan P +900 rads

20 900 rad COTROL

0 5 t0 15 20 25 30

DAY POST 60Oo tRRAOIArION (900 rads)

Fig. 6. Effects of two doses of Glucan-P on 30 day survival of Cl1HeN mice when injected I day before 900 rads of
cobalt-60 radiation. Percent survival is based on cumulative data obtained from 5- 15 individual survival studies.
Radiation control data are based on survival of 201 mice, 1.5 mg glucan-P data are based on 83 mice. and 0.4 mg glucan-P

data are based on 56 mice.

a 30 day survival, 49% of these irradiated mice enhancing survival in similarlk irradiated mice. --

treated with 1.5 mg of glucan-P actually ex'hibited Similar to radiation controls. tnone of these mice
long-term survival and were tultimately euthanized survived beyond 21 days postirradiation. Fietre 7 Z
12 - 13 months after irradiation. By contrast, the illustrates thle survival effcct s of gitican- P
lower 0.4-mg glucan-P dose was not effective at administered I It before let hal irradiation. As\ catn I
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seen, survi,al in mice recei'ing 0.4 ing of glucan-P hemopoietic depletion, (Hammond, Tompkins &-
did not differ from radiation controls. Howeveer, Miller, 1954; Benacerraf, 1960; Cronkite & Bond,
sur, is a in mice receiving the 1.5 tug glucan-P dose 1960; Collins, 1979; Broerse & MacVittie, 1984) we
, was slightly prolonged, even though long-term specifically evaluated the hemopoietic effects of' W.

. sur, i%al (i.e. > 30 days) was not different from that glucan-P in the dose range that has been shown to V

of radiation controls. Although 1.5 rug glucan-P elicit enhanced reticuloendothelial and immune
treatment did exhibit some positive effects on responses.
survival %% hen administered prior to irradiation, it These studies have clearly demonstrated several
was not effective wlhen administered after irradiation effects of glucan-P on normal nurine hemopoiesis
(Figure 8). In fact, \% hen administered and on hemopoiesis and survival in irradiated mice. .
postirradiation, ,lucan-P actually induced death First, our results concerning the temporal effects of
more rapidl+ than in radiation controls. This effect 1.5 ng of glucan-P on splenic and bone marrow A

\ was dose-dependent, with the higher 1.5 rug glucan-P CFU-s, GM-CFC, M-CFC and CFU-e clearly
dose being more detrimental than the lower 0.4 mg confirm previous studies suggesting that particulate
glucan-I1 dose. glucan, in a dose-dependent manrner, can enhance

hemopoiesis in normal mice (Burgaleta & Golde,
1977; Patchen & Lotzova, 1980; Patchen &

)ISCUSSION MacVittie, 1983a,b). In the studies presented here,
stem and progenitor cell hemopoietic responses were
evident as early as I day post glucan-P treatment,

Agents capable of regulating (and in particular usually peaked on days 5- II post-treatment, and
stimulating) hemopoietic proliferation and had either returned to or were declining toward
differentiation at the stein cell level have a variety of normal control values by 17 days post-treatment.
potential benefits. One such benefit would be to Bone marrow erythropoiesis was the only
reduce lethality attributed to the hemopoictic hernopoietic response not enhanced. However, the -

Ssyndrome follos\ing irradiation and/or tremendous increase in splenic erythropoiesis
chemotherapy. Because reticuloendothelial and apparently compensated for the decreased bone
imtuune reconstitution are critically important in marrow erythropoiesis, since only a transient anemia
combating the secondary septicemia associated with was apparent in gluc-n-P-treated mice.

Effect of Preirradiation (-1 hour) Glucan.P Treatment
t0 oo -. on Survival of C3IIHeN Mice
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Fig. 7. 'ffects of two doses of glucan-P on 30 day survival of C,H/HeN mice when injected I h before 900 rads of cobalt-
60 radiation. Percent survival is based on cumulative data obtained from 4 15 individual survival studies. Radiation

"- ,:ontrol data are based on survival of 201 mice, 1.5 mg glucan-P data are based on 59 mice, and 0.4 mg glucan-P data are -"
based on 54 mice.
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Effect of Postirradiation W+ 1 hour) Glucan-P Treatment
t00 on Survival of C3HIHeN Mice

4 80 .
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Fie. 8. Effects of two doses of glucan-P on 30 day survival of CH/HeN mice when injected I h after 900 rads of cobalt-60
radiation. Percent survival is based on cumulative data obtained from 3 - 15 individual survival studies. Radiation control
data are based on survival of 201 mice. 1.5 mg glucan-P data are based on 67 mice, and 0.4 mg glucan-P data are based on

30 mice.

*4o

Second, the ability of glucan-P to enhance Alderman & Gillespie, 1957; Boggs, Marsh,
hemopoietic recovery in irradiated mice was also Chervenick, Cartwright & Wintrobe, 1968; Mori &
demonstrated. In particular, it was shown that Nakamura, 1970). The substances used have been as
glucan-P could significantly increase pluripotent diverse as ground glass, carbon particles, non-species . "
hemopoictic stem cell numbers (as measured by the related serum, and endotoxin. Almost all these ,.

E-CFU assay) in partially hemopoietically depleted substances produced the best "radioprotective" - - .
mice if injected either before or after irradiation. The effect in mice when administered I day before
most dramatic increases were observed with glucan-P irradiation. However, in addition to the timing of the
administered either I day before, I h before, or I h injection, the route of injection was also shown to

- after irradiation. In any given experiment, glucan-P influence survival results. The survival results we
treatment I day before irradiation was slightly more have obtained with i.v. - I day glucan-F..
cnhancing than treatment I h before irradiation, and administration in general, correlate wsith pre\ ious
treatment I h before irradiation was slightly more studies utilizing various other intravenously
enhancing than treatment I h after irradiation, administered substances. Even with respect to po,,t-

Finally, the fact that glucan-P administration irradiation glucan-P treatment decreasing sursisal
could significantly influence survival follosting (rather than increasing or not changing survisal), a
higher (lethal) doses of irradiation was also similar phenomenon has been obsel-\cd w\ith post-
demonstrated. Specifically. 1.5 mg of glucan-P, irradiation i.. injection of endotoin. Ior cxamplc,
administered I day before irradiation, significantly if either glucan-P or endotoin arc injetc. into mitcc
increased long-term sur,.ival (i.e. > 30 days), and the 2 3 days after 900 rads of irradiation, all anmal,
same dose of glucan-P administered I h before die almost imnediatcly (Smith et al. 19'5- Pa t cn,
irradiation marginally increased short-term survi,.al unpublished observation,). SinIc ou 0hI'an- "
(i.c. < 31 days). Hlowver, .hen glucan-P \%as preparation va.is endtoxin-IrcC as dc(Cllli ned I'\
inict.:cd I It post-irradiation. not onls \was sur\,i\al the Limulus I ysate procediirc . our dlccI esel,
not increased, but it actually decreased compared to sursival could nlot ha\c b"cn JULt I0 endoho\ 1
radiation controls,. contamination in our hticat- I' ip;'he'r. c,, 'tiip,"

)%er tle years a sariCty of other substances have that the decreased surs is al s ccl \. p, 4 t- ittadi ti t

also becn sho\n to altcr stirs.isal in irradiated mice administration of ghtcan-1' and vi,,.!iomn i' t noto
(Smnith. Smith. Andre\ss & (irenan, 1955; Smith, general phenomletili prt(ithbl.\ iIul bs 0' (i-
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agents as well. Interestingly, we have also been glucan-P I day before irradiation, pluripotent
working with a different glucan preparation (glucan- hemopoietic stem cells have enough of an
F, a soluble B-i, 3 glucan), which is capable of opportunity to not only proliferate, but also to

* producing the same dramatic survival-enhancing differentiate into progenitors capable of giving rise
effects as glucan-P or endotoxin when administered to the mature functional elements of the
I day before irradiation, but does not decrease reticuloendothelial and immune systems necessary to p-

survival (and, in fact, is even slightly radioprotective) contend with the surgence of endogenous pathogens :. ,',
when administered after irradiation (Patchen et al., that secondarily induce death 10-20 days post-
unpublished results). Studies to further evaluate the irradiation in the 900 rads dose range (Hammond et
mechanisms of the differential effects of pre- and al., 1954; Benacerraf, 1960; Cronkite & Bond, 1960;
post-irradiation glucan-P treatments on survival are Collins, 1979; Broerse & MacVittie, 1984). In fact, it
currently being conducted in our laboratory. has been shown that recovery of the differentiated

. A variety of mechanisms have been hypothesized progenitor cells that do give rise to granulocytes and
to explain the capabilities of numerous macrophages is more accelerated in mice treated with
"radioprotective" agents (e.g. ground glass, carbon glucan-P I day before irradiation than in mice
particles, endotoxin, etc.). Most of these agents are treated with glucan-P just I h before or I h after

. "radioprotective" only in the hemopoietic syndrome irradiation (Patchen, 1983; Patchen, MacVittie &
radiation dose range. Thus, it is not surprising that Wathen, in press).
hemopoietic protection and/or enhanced In spite of the uncertainties concerning the
hemopoietic reconstitution followed by enhanced mechanisms by which glucan-P mediates its effects,
resi;tance to endogenous pathogens have been shown it is apparent that glucan-P is a potent hemopoietic
to occur following administration of these agents. stimulant in normal mice and in radiation-depleted
Since the E-CFU assay measures post-irradiation mice and that glucan-P administered I day prior to
recovery of endogenous pluripotent hemopoietic otherwise lethal radiation in the hemopoietic
stem cells (i.e. the cells from which all other mature syndrome dose range can significantly enhance
cells comprising the blood, immune, and survival. In addition, when compared to other
reticuloendothelial systems ultimately arise), a direct historical "radioprotectors", glucan-P has the
correlation has been suggested between an agent's advantages of being nontoxic, nonpyrogenic, and
hemopoietic-enhancing potential (as measured by the ultimately it can be metabolized to glucose and
E-CFU assay) and its survival-enhancing potential in utilized nutritionally as a food source (DiLuzio,
the hemopoietic syndrome radiation dose range 1983).
(Smith, Budd & Cornfield, 1966; Kinnamon, Glucan-P's hemopoietic and survival-enhancing '- _ " "
Ketterling, Stampfli & Grenan, 1980). Based on the capabilities, coupled with its ability to
differences we observed in E-CFU numbers and nonspecifically stimulate resistance to a variety of
survival data produced by - I day, - I h, and + I h bacterial, viral, and fungal infections make glucan-P
glucan-P treatment, our data also seem to suggest a primary candidate for use in instances of radiation-

* such a correlation. However, in spite of the fact that induced and/or chemical-induced life-threatening
- I day glucan-P-treated mice did exhibit slightly hemopoietic depletion.
higher endogenous hemopoietic stein cell numbers
than - I h glucan-P treated mice, and - I h glucan-
P treated mice did exhibit slightly higher endogenous
hemopoictic stem cell numbers than + I h glucan-P Acknowledgements - The authors acknowledge the

excellent technical assistance of Brenda Watkins and James"-". .
treated mice, all three treatment groups exhibited exelntchiaassaceoBrdaWknNndaieetreely miellthreeatenmers Tous, itees Atkinson and the excellent editorial and typing skills of
extremely elevated E-CFU numbers. Thus, it seems Junith Van Deusen and Gloria Contreras.
unlikely that the survival effects induced by these Supported by Armed Forces Radiobiolog Research
three glucan-P treatments would be so different if Institute, Defense Nuclear Agency, under Research Work
increased pluripotent hemopoietic stem cell numbers Unit M.I 00132. The views presented in this paper are those
alone were responsible for enhanced survival, of the authors; no endorsement by the l)efensc Nuclear
Instead, it may be possible that in mice treated with Agency has been given or should be inferred.
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Intragastric Copper Sulfate Produces a More Reliable
Conditioned Taste Aversion in Vagotomized

Rats than in Intact Rats
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Although copper sulfate is an emetic stimulus, preliminary experimerts failed
to obtain a taste aversion in intact rats following intragastric administration as

had been previously reported in the literature. Several experiments were therefore
run to further investigate the capacity of intragastric copper sulfate to function
as an unconditioned stimulus for taste aversion learning and the role of the vagus
in mediating that learning. The results of the first series of experiments showed
that intragastric administration of copper sulfate (5 mg/kg x 5H,O) was more

effective in reliably producing a taste aversion in vagotomized rats than in sham-
operated control rats. The second experiment examined the effects of area postrema
lesions on the acquisition of a taste aversion produced by intragastrically ad-
ministered copper sulfate in vagotomized rats. The results indicated that the
taste aversion observed following treatment with intragastric copper sulfate in
vagotomized rats could be prevented by lesions of the area postrema. The present
results indicate that intragastric administration of copper sulfate is a more reliable
unconditioned stimulus for taste aversion learning in vagotomized rats than in
intact rats. It is not certain what factors might account for the discrepant results N.'

between the present experiments and previously published research. 1q) 1985 Academic

Press, Inc.

When a novel tasting solution, such as saccharin or sucrose, is paired
with a toxic unconditioned stimulus, such as lithium chloride (LiCi), the low
organism will avoid ingestion of that solution at a subsequent presentation.
This avoidance behavior, called a conditioned taste aversion (CTA), is
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Council. Send requests for reprints to Dr. Rabin at Department of Psychology, University
of Maryland Baltimore County, Catonsville, MD 21228.

364""""
0163-1047/85 $3.00
Copyright c, 1985 by Academic Press. Inc

All rights of reprtduction in any form reserved. -

............ ...-..-.....-... - - ¢ ' ' ¢"K( - - . , J . '- .-'_:__..s. _ : - _ " :_.



COPPER SULFATE-INDUCED TASTE AVERSIONS 365

typically acquired in a single trial. In addition to LiCI, a CTA can also
be produced by exposure to ionizing radiation (Smith, 1971) and by
systemic treatment with a variety of toxic and nontoxic drugs (Garcia,
Hankins, & Rusiniak, 1974; Goudie, 1979).

Because subdiaphragmatic vagotomy disrupts the acquisition of a CTA
produced by intragastric or intraperitoneal administration of copper sulfate --,.-

(CuSO 4 ), Coil, Rogers, Garcia, and Novin (1978) have proposed that a
vagally mediated gastric irritation is the proximal unconditioned stimulus
leading to CTA learning following systemic treatment with CuSO4. Since
exposing an organism to ionizing radiation also has a variety of effects
on the gastrointestinal system, Hulse and Mizon (1967) have proposed
that these radiation-induced changes in gastrointestinal system functioning
contribute to the acquisition of a CTA following irradiation.

As part of an experiment on the effects of subdiaphragmatic vagotomy
on the acquisition of a radiation-induced CTA (Rabin, Hunt, & Lee,
1983b), a group of intact rats was included which was treated with in-
tragastric CuSO4 as a procedural control. However, in contrast to the
results obtained by Coil et al. (1978) these rats did not develop a CTA
following intubation with CuSO4 . Several additional experiments were
therefore run to attempt to determine the factors that might have affected
the failure to obtain a CTA and the role of a vagally mediated gastric
irritation in the acquisition of a CTA produced by intubation of
CuSO4 .

GENERAL METHODS

The subjects for the various experiments were male Sprague-Dawley
derived rats weighing 250-350 g at the start of the experiment. The
animals were maintained in individual cages in a room with a 12:12
light:dark cycle. Food and water were continually available except as
required by the experimental protocol.

Taste aversions were produced using a single-bottle procedure similar
to that used by Coil et al. (1978). The subjects were first placed on a
23.5-h water deprivation schedule for 7-10 days during which water was
available for 30 min each day during the early light phase of the diurnal
cycle. On the three conditioning days the water bottle was replaced by
a single bottle containing 10% sucrose for the 30-min drinking period.
Following this. the rats were treated with intragastric CuSO4 (5 mg/kg
x 5HO) or isotonic saline administered through an infant feeding tube.
On the test days, the rats were again presented with a single bottle
containing 10% sucrose, but were not treated with the unconditioned
stimulus. In the 3- to 4-day interval between each conditioning and test
day, the rats were maintained on the standard water-deprivation schedule
with access to water for 30 min each day.

9. 9. . :2.:..,.
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The data for all experimental days are presented as the percentage of
the sucrose intake on the initial conditioning day. Primary data analysis
was done with repeated measures analyses of variance. Where necessary,
detailed comparisons between treatment groups were done using orthogonal
comparisons (Keppel, 1973).

All surgical procedures were performed under anesthesia provided by
combined injections of ketamine (120 mg/kg, ip) and pentobarbital (21
mg/kg, ip). Vagotomies were made using the procedures described by
Martin, Rogers, Novin, and VanderWeele (1977). For the sham-vago-
tomized rats, the vagus was exposed, but not sectioned. After surgery,
the rats were allowed to recover for 3-5 weeks before beginning the _2
deprivation training. Lesions of the area postrema (AP) were made using
thermal cauterization under direct visual control (Rabin, Hunt, & Lee,
1983a). In the sham-operated rats, the AP was exposed, but not cauterized.
These animals were allowed a 2- to 3-week recovery period before beginning
the next phase of the experiment.

At the conclusion of the experiments, the animals were sacrificed with
pentobarbital (50 mg/kg, ip) to permit verification of the vagotomy and
AP lesion. The vagotomies were verified either by determining the stomach -.
weight/body weight ratios of the vagotomized rats, who show a significantly
greater ratio than do control rats (Martin et al., 1977) or by recording
the response of the stomach to electrical stimulation of the cervical vagus
(Coil et al., 1978). For verification of the AP lesions, the brains of the
rats were fixed in 10% formalin saline. Sections were then cut at 50 Am
through the brainstem at the level of the AP and stained with thionin.

EXPERIMENT 1
In a series of experiments using intact rats in a two-bottle test, Rabin

et al. (1983b) were not able to reliably obtain a CTA despite varying
numbers of conditioning trials or varying doses. These results are not
consistent with the results of Coil et al. (1978) who reported that intragastric
CuSO 4 at a dose of 5 mg/kg produces a CTA which can be disrupted
by sectioning the vagus. It may be that the single-bottle test or surgical
procedures utilized in the successful experiments by Coil et al. (1978)
contributed to the acquisition of a CTA following treatment with intragastric
CuSO4 . The present experiment, therefore, was designed to partially
replicate the procedures used by Coil et al. (1978) to determine whether
under these conditions intragastric CuSO, would reliably lead to the
acquisition of a CTA which could be disrupted by subdiaphragmatic
vagotom y.

Methods. This experiment was run as two independent replications
with 22 naive rats in the first and 30 naive rats in the second replication.
In each replication, half the animals were vagotomized and half were
sham-operated controls. In both replications, all subjects were administered

• ... . .. .
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intragastric CuSO4 (5 mg/kg x 5HO) through an infant-feeding tube
immediately following ingestion of a 10% sucrose solution on Days I.
4, and 7 using a single-bottle design. Water was available for 30 min on
the intervening days. In the first replication there was only a single test
day on Day 10. while in the second, there were two test days on Days
10 and 14. The replications also differed in that different procedures were
used to assess the completeness of the vagotomies: a comparison of
stomach weight/body weight ratios in the first, and recording stomach i--.
contractions in response to stimulation of the cervical vagus in the second
replication.

Results and Discussion. The results of the first replication are presented
in Fig. I which indicates that the vagotomized animals showed a greater
reduction in sucrose intake than did the control animals following treatment
with intragastric CuSO4 . A two-way analysis of variance showed that
the main effect for surgery for the comparison between the vagotomized
and sham-operated rats was significant, F(I, 20) = 8.21, p < .01. Neither
the main effect for the comparison across Days 4-10, F(2, 40) = 0.20,
p > .05, nor the Surgery x Day interaction, F(2, 40) = 1.64, p > .05, 7 ..t
was significant, indicating that the intragastric CuSO 4 produced a consistent
decrease in sucrose intake in the vagotomized rats that was not observed
in the controls.

Because these results are in direct contrast to those obtained by Coil
et al. (1978), a second replication was run. These results are presented
in Fig. 2. Unlike the results of the first replication, the analysis of variance
indicated that the main effect for the comparison between the vagotomized
and sham-operated animals did not reach the level of significance, F(l,

~ CuSO4 CuSO 4 CUSO 4

100- • ";"
- [ ,~ T~ Control

.C

60-

- Vagotomy
40-

1(41 1,0
Time (days)

H(t. 1. First replication of the effects of' repeated inhragastir intubation of CuSO,
(5 rug/kg .- 5Fl.0)o n sucrose intake using a single-hottle design in vagotomiied and sham-
operated conltrol rats. The CuSo( , %as administered immediately after ingestion of the_%7"N4
sucrose solution on l;, s I. 4. and 7. Variance bars indicate the standard error of the
mean.
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FIG. 2. Second replication of the effects of repeated intragastric intubation of CuSO4

(5 mg/kg x 5H2O) on sucrose intake using a single-bottle design in vagotomized and
control rats. Variance bars indicate the standard error of the mean.

28) 3.43, p < .10, while the main effect for the comparison for day
across Days 4-14 was significant, F(3, 84) = 2.74, p < .05. Since the
Surgery x Day interaction was not significant, F(3. 84) = 1.09, p >
.10, it would suggest that treatment with intragastric CuSO, produced a
significant decrease in sucrose intake in both the vagotomized and control
animals on at least several of the experimental days.

The results of these two replications partially fail to confirm the results
of the experiments by Coil et al. (1978), who reported that vagotomy
blcks the acquisition of a CTA produced by intragastrically administered
CuSO,. In neither of the replications did vagotomy reverse a CuSO4 -
induced CTA observed only in the sham-operated control animals. Rather,
the data would seem to indicate, at least based upon the results of the
first experiment, that vagotomy may be a necessary condition for the
reliable development of a CTA following treatment with intragastric
CuSO4 . Although the results of the second replication seem to parallel
those of the first replication, it is not clear why there were differences
in results between the two replications. Examining Figs. I and 2 it seems
that the CuSO 4 had a greater effect on the sucrose intake of the sham-
operated controls in the second replication than in the first, although it
is not clear why this occurred. Similarly. it seems that the vagotomy
had a greater effect in the first replication than in the second. One possible
explanation for this difference may be in the different methods used to
validate the completeness of the vagotomy. Although there is no single %
test that is the best under all conditions (Louis-Sylvestre, 1983), it may .
be that the comparison of the stomach weight/body weight ratios used
in the first replication provided a more reliable indicator of the completeness
of the vagotomy than did the electrophysiological measure useu *n the
second replication. Some support for this hypothesis would be provided
by the observation of significant differences between the vagotomized
and sham-operated rats in the first replication, unlike the second replication.
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EXPERIMENT 2

The results of the preceding experiment suggest that intragastric CuSO4
is more likely to produce a reliable CTA in vagotomized animals than
in sham-operated controls. One possible hypothesis to account for these
results is to suggest that the effect of the vagotomy-induced delay in
gastric emptying is to keep the CuSO4 in the stomach for a longer period
of time, thereby allowing it to cause the release of a toxin into the blood
stream from which it can produce changes in the activity of the AP, the
chemoreceptive trigger zone for emesis (Borison, 1974). Since CuSO 4 is
not readily absorbed from the stomach, it may be that in the intact rat
it passes too rapidly through the gastrointestinal system to be absorbed
and, therefore, it is excreted before it can cause a CTA. In the vagotomized
animal, to the contrary, it is held within the stomach for a long enough
period to exert its toxic effects. One implication of this hypothesis is
that the mechanism by which intragastric CuSO 4 would lead to the ac-
quisition of a CTA would involve a humoral mechanism similar to that
involved in the acquisition of a CTA produced by systemic injection of
LiCl or other toxins (Rabin et al., 1983a; Ritter, McGlone & Kelly, 1980).
If this hypothesis is correct, then it should be possible to disrupt a CTA
produced by intragastric CuSO, in the vagotomized rat by lesions of the
AP just as AP lesions disrupt the acquisition of taste aversions produced
by exposure to ionizing radiation or by systemic injection of LiCI and I ,-.
other toxins. This experiment was designed to test the hypothesis of
humoral mediation of the CTA produced by intragastric CuSO4 in the
vagotomized rat by studying the effects of AP lesions on the acquisition
of a CTA in vagotomized rats.

Methods. The subjects were 45 naive male albino rats weighing 275-
350 g at the time of initial surgery. They were divided into five groups:
(1) AP lesion and vagotomy (AP + VGX, n = 9); (2) AP lesion and sham
vagotomy (AP+sham, n = 9); (3) sham AP lesion and vagotomy
(sham + VGX, n = 7); sham AP lesion and sham vagotomy (sham + sham,
n = 10); sham lesion and sham vagotomy/saline intubation
(sham + sham/saline, n = 10). The first four groups received intragastric
intubations of CuSO, (5 mg/kg x 51-120) with an infant feeding tube on
the conditioning days, Days 1, 4 and 7, following ingestion of the sucrose
solution, while the last group received intubation of an equivalent volume
of isotonic saline on those days. Days 10 and 14 were test days and the
sucrose was not followed by intubations of the unconditioned stimuli.
A repeated treatment, single-bottle design was used to make this experiment
equivalent to the preceding one. The AP and sham lesions were ac- -
complished first. The rats were then given 2-3 weeks to recover before
the vagotomy and sham vagotomy procedures were begun. Deprivation .. _ -
training was begun 4-6 weeks after completing the vagotomies. Verification

1W ° "°A
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of the AP lesions was accomplished by examining thionin-stained sections
taken through the brainstem and the vagotomies were verified by comparing
the stomach weight/body weight ratios of the vagotomized rats with the
appropriate controls.

Results and Discussion. The results are summarized in Fig. 3, which
indicates that the only group that showed continuously decreased sucrose
intake was the group of rats given the sham AP lesions combined with _K
vagotomy. A two-way repeated measures analysis of variance showed
that the main effect for surgery was highly significant, F(4, 40) = 8.74,
p < .001. Because neither the main effect for the comparison for days
across Days 4-14, F(3, 120) = 0.27, p > .10, nor the Surgery x Day
interaction, F(12, 120) = 0.94, p > .10, was significant, the data for
each group were collapsed across days for a more detailed analysis using
orthogonal comparisons (Keppel, 1973). These comparisons showed that
the sham + sham group intubated with CuSO4 did not differ significantly
from the sham +sham group intubated with saline, F(I, 40) = 0.02, p
> . 10, confirming the results of the previous experiments that intubation
of CuSO 4 in intact rats does not reliably produce a CTA. The only
comparisons that were significant were the comparisons between the
sham + VGX and the other groups in the experiment, F(1, 40) = 143.94,
p < .001, and between the sham+ VGX and the AP+ VGX groups, F(1,
40) = 7.22, p < .05). None of the other comparisons were significant.

As in the previous experiment, a CTA was observed only in the va-
gotomized animals with an intact AP, while lesions of the AP, which by
themselves had no effect on sucrose intake, completely blocked the
acquisition of a CTA in the vagotomized subjects. These resurts are,
therefore, consistent with the hypothesis that the delay in gastric emptying

140 - ,._.-._.--_
• _m=---
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............-
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FI(i. 3. Effects of repeated intragastric intubation of CuSO, (5 mg/kg x 5HO) on the
. acquisition of a CTA in rats with lesions of the area postrema and/or vagotorny using a

single-bottle design. The CuSO was administered immediately following ingestion of a
10% sucrose solution on Days I, 4, and 7. The saline group was administered intragastric
saline instead of the CuSO4, given all other groups.
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produced by the vagotomy may permit the absorption of a toxin to which
the AP is sensitive and which, in turn, mediates the acquisition of a
CTA. It is not, however, certain what this toxin might be because pre-
liminary analyses have indicated that the intubation of CuSO4 in vago-
tomized animals, unlike intubation of LiCI, does not produce measurable
increases in the serum levels of cupric ion.

The present results, which indicate that AP lesions by themselves
have no effect on the acquisition of a CTA produced by intragastric
CuSO4 in intact animals, are in partial agreement with results reported
by Coil and Norgren (1981). However, they reported that AP lesions
failed to reverse a CTA produced by intragastric CuSO4 in intact rats, 16_"-1-.,

whereas we have been unable to obtain a CTA under these conditions.
Nonetheless, their finding that lesions of the AP disrupt the acquisition
of a CTA produced by intravenous CuSO4 would be consistent with the
observation that these lesions disrupt the acquisition of a CTA produced
by intraperitoneal CuSO4 (Rabin, Hunt, & Lee, unpublished observations),
as well as with the present results which show that AP lesions disrupt
the CTA produced by intragastric CuSO4 in vagotomized animals. It
therefore seems that, under all conditions for which CuSO 4 may be used
as an effective unconditioned stimulus for CTA learning, at doses of 5 r
mg/kg or less, either intravenous or intraperitoneal injections in intact , 9.J
rats or intragastric intubation in rats with subdiaphragmatic vagotomy,
a similar AP-mediated mechanism serves as the underlying basis for the
acquisition of a CTA. ,.-

GENERAL DISCUSSION %

The present results are in conflict with those of Coil and her co-workers
(Coil & Norgren, 1981; Coil et al., 1978) who reported that intragastric
CuSO4 produces a CTA that can be disrupted by cutting the vagus. In
the present experiments it was not possible to reliably produce a CTA
with intragastric CuSO 4 in intact rats, although a CuSO4-induced CTA
was reliably observed in rats with subdiaphragmatic vagotomy following
intragastric administration. While several of the present experiments used
procedures similar to those of Coil et al. (1978), they were not identical.
It is not, however, likely that these procedural differences were responsible
for the behavioral differences because the CTA is a robust effect that
has not, in previous research, been affected by these variations in pro- '
cedure. In addition, the observation that it was possible to produce taste
aversions in rats with subdiaphragmatic vagotomies following treatment
with intragastric CuSO4 , as well in intact rats given intraperitoneal CuSO4

(Rabin et al., 1983b), would indicate that the procedures utilized in the
present experiments were sufficient to produce a CTA under the right
experimental conditions. As such, it is not obvious from the published
literature what factors might have contributed to the different results.

. ,:. - .. ......... .... ... .:: .-. -.. . . . ..-..-... .......- ... . .. .. . .. .. -.... .... .- ,.... . .... .,. .. ..... .... .....-.. . ."."...
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The observation that lesions of the AP disrupt the acquisition of a
CTA produced by systemic treatment with CuSO4 in intact rats (Coil &
Norgren, 1981; Rabin, Hunt, & Lee, unpublished observations) as well
as by intragastric administration in vagotomized rats would be consistent
with the hypothesis that a common mechanism underlies CTA learning
produced by treatment with this dose of CuSO4 . Since the AP functions
as the chemoreceptive trigger zone for emesis (Borison, 1974), the im-
plication is that some common humoral factor underlies the acquisition
of a CuSO4-induced CTA, although the nature of that factor remains to
be identified. Within this context, then, the role of vagotomy in the CTA
produced by intragastric CuSO 4 would be to retain the CuSO4 in the
stomach for a period of time sufficient to allow for a CuSO4-released
toxin to get into the blood stream from which it can affect AP activity.

The observation in the present experiments that intragastrically ad-
ministered CuSO4 does not, by itself, produce a CTA in intact rats
raises the question of the role of stomach irritation in CTA learning as
well as the relationship between CTA and emesis. Because the functional
effects of a CTA and emesis are similar, to limit the intake and/or
absorption of toxic substances, it has been suggested that the mechanisms
underlying both responses are similar (e.g., Rabin, Hunt & Lee, 1984).
However, the observation that CuSO4 produces a vagally mediated emetic
response in dogs (Wang & Borison, 1951), but does not lead to the
acquisition of a CTA in intact rats, would indicate that there are some
differences between emesis and CTA learning in response to CuSO4-
induced gastric irritation. The present data do not allow a determination
of whether this difference is due to species differences between dogs
which are capable of emesis as opposed to rats which are not, or whether
the difference is related to the nature of the response, emesis, which is
an unconditioned response to treatment with a toxic unconditioned stimulus,
as opposed to a CTA, which is a conditioned response to a conditioned
stimulus. The present results might suggest that the acquisition of a CTA,
in contrast to the emetic response, induced by gastric irritation requires
a longer period of action by the toxin, conditions that are met by using
vagotomized subjects.

In summary, the present experiments suggest that intragastric CuSO4
is not a reliable unconditioned stimulus for the acquisition of a CTA in
intact rats. However, when vagotomized rats were used a CTA was more
consistently observed following intragastric administration of CuSO4 at
a dose of 5 mg/kg. The observation that the CTA induced by CuSO4 in
vagotomized rats could be disrupted by AP lesions suggests that the
mechanism by which intragastric CuSO4 can lead to CTA learning involves
some humoral toxin, in a manner similar to CTA learning produced by
LiCI or radiation, or by systemic treatment with CuSO. In this context,
then, the role of the vagotomy is not to disrupt CTA learning, as suggested

-...... ,-- ,
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by Coil et al. (1978), but rather to prolong the action of CuSO4 in the L
gastrointestinal system and, thereby, produce the toxic conditions necessary
for the acquisition of a CTA.
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Abstract. Hemopoietic changes in male C57BL/6Cum BR mice engrafted with Lewis lung
carcinoma (3LL) were evaluated between day 7, when palpable tumors were present, to day 30
postengraftment. All experimental animals demonstrated decreasing hematocrits (down 40% .".,"
by day 30) with concurrent leukocytosis which by day 30 postengraftment had reached levels
13.4 times normal. The myelocytic/erythrocytic ratio for normal animals was 1:3 (bone mar-
row: spleen). The ratio for engrafted animals ranged between 10:1 and 40:1. This apparent
shift in production priorities is even more significant in light of the fact that femoral bone
marrow cellularity had decreased by 33% on day 17. Splene'negaly, evident by day 7, was
seven times control by day 17. Clonogenic analysis of erythroprogenitor cell concentrations
revealed an inverse relationship between bone marrow and spleen. 27 days after engraftment,
splenic populations demonstrated significant increases in colony forming unit-erythroid (115-
fold), burst forming unit-erythroid (7.4-fold), whereas bone marrow concentrations had
decreased (6-fold). This report suggests that initiation of 3LL tumor in mice results in a change
in the degree of hematopoietic priorities and participation of erythroid organs.
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Introduction Giemsa blood stains. The microplasma clot culture
system, previously described in detail [7], was used to

Experimental animal models with trans- assess erythroid progenitor cells. Positive engraft-

ments were palpable by day 7 and for that reason, dayplantable nonmedullary solid tumors such as 7 was selected as the first examination day. Three

Ehrlich carcinoma [1, 2], adenocarcinoma independent studies were done, with 3 mice used per

[3, 4], and Lewis lung carcinoma [5-8] have data point.

shown dramatic perturbations in both mar-
row and spleen hemopoietic multipotential
stem cells and committed progenitor cell
populations. This report suggests that over a Results
period of 7-30 days postengraftment a num-
ber of hematopoietic changes take place. Pe- Peripheral Blood

ripheral blood changes include alterations in The red blood cell (RBC), hematocrit

cellularity, ratio, morphology, and signifi- (Hct), and white blood cell (WBC) values of

cant changes in progenitor cell concentra- mice engrafted with tumor cells are shown in
tions. figure 1. Particularly evident are the condi-

tions of anemia and leukocytosis. A decrease
is noted in (fig. 1) packed cell volume (16%)
by day 13 and a 41 % decrease by day 30.

Materials and Methods Figure 2 demonstrates the pronounced leu-

kocytosis (13.4 X normal, day 30) that oc-
Mice curs after engraftment.
Male C57BL/6Cum BR mice, 12-16 weeks old

(Cumberland View Farms, Clinton, Tenn.), free of
lesions of murine pneumonia complex and of oropha- Bone Marrow
ryngeal Pseudomonas spp., were maintained on a diet By day 7 engraftment had caused bone

of Wayne Lab-Blox food pellets and chlorinated water marrow (BM) cellularity to decrease. Over
(II ppm) available ad libitum. Mice were housed in the entire experimental time frame, cellular-
filter-covered cages in a room with a 12-hour light- ity decreased to 67% of normal. The data
dark cycle. presented in figure 4 and table I suggest that a

Tumor wave of nucleated erythroid cells is first ob-
Lewis lung (3LL) carcinoma is a transplantable served between days 7 and 1 7, when granulo-

metastatic tumor that arose spontaneously in pulmo- cytic cellular elements were essentially within
nary tissues of a C57BL/6 mouse received in its 86th normal levels. This was followed by a de-
passage. The tumor line has been passaged in our lab-
oratory since 1974. Tumor cells derived from 16-day- erthroid
old tumors were routinely prepared for passage (as comitant increase in proliferative granulo-
previously outlined in detail 161) in 0.2 ml of 10% cytic cells (myeloblasts, promyelocytes, and
(v/v) concentration of cells in RPMI-1640 medium, myelocytes) between days 19 and 23. This
injected subcutaneously in the left flank. rebound of activity in proliferative granulo- . .

cyte cell activity was followed by an increase -" -Experimental ,..-.ign
in nnrlfrtvgrnlctccells (ea

Peripheral blood was obtained from anesthetized nonprolieraive granulocytic cel ta-
mice via cardiac puncture. Blood smears were stained myelocytes and mature granulocytes) be- .. '-
with benzidine and counterstained with Wright's- tween days 23 and 30.
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Fig. 1. Peripheral blood hemogram of male C57BL/6Cum mice engrafted with Lewis lung carcinoma cells.
Each point represents a value for I mouse: Hct percentages, RBC counts X 106/MM 3 , and WBC counts
X 10 3/mm'. Shaded area represents mean ± SEM values for normal mice (n =9; Hct =41.61 +0.55%; RBC=

*8.27 ±0.17 X 106/MM 3 ; WBC =3.67 ±0.29 X l03/mm 3).

* Table 1. M/E ratio of recognizable hemopoietic Table 11. BFU-E/10 5 nucleated BM or spleen cells
cells for femoral BM and spleen (SPL) plated at days 7 and 27 after engrafiment of

Lewis lung carcinoma cells (mean ± SEM values)

Days after engraftment BM Spleen Experi- Day 7' Day 271
*with 3LL tumor cells ment

No. BM SPL BM SPL
9 6.2 0.24

12 8.9 0.33 1 08.0 ±2.3 1.6 ±0.5 10.6 ±0.6 2.6 ± 1.2
18 3.75 0.38 2 24.6 ± 1.7 7.1 + 1.1 11.0 ±2.4 5.6 ±0.3
23 10.0 - 3 40.6 ±6.4 0.9 ±0.3 14.3 ±1.8 3.0 ±0.4
25 38.5 -

27 6.4 0.16 Control values: BM 19.7+ 1.9;PL0.5±0.l;n =9.
30 3.7 - I Days 7 and 27 were selected as peaks of BFLJ-E
Control (n =9) 2.76 8.33 activity.
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Fig. 2. Peripheral blood percent granulocytes of t:

male C57BL/6Cum engrafted with Lewis lung carci- 2.5
noma cells. Values are presented as the mean ± SEM .
for three independent studies using at least 3 mice per 2..

time point. Shaded area represents mean ± SEM val- o ''..,
ues for normal mice (n = 9; 8.0 ± 2.0%). .

Fig. 3. BM and spleen cellularity of male 1.5 ""-
C57BL/6Cum mice engrafted with Lewis lung carci- -
noma cells. Each line represents an independent study 1.0 i I

using at least 3 mice per time point studied. Shaded 0 10 15 20 25 30
TIME WOO %)

areas indicate mean ± SEM values for normal mice
(n = 9; BM = 2.18 ± 0.09 X l07 nucleated cells and

spleen 13.93 1 1.58 X l01 nucleated cells). 3

Data from clonogenic assays support the CFU-E/10 5 marrow cells compared to con-
microscopic observations of hemopoietic cel- trol mice. Suppression of BM erythroid ele-
lular redistribution of the femoral marrow menats in the engrafted mouse is further sup-
after engraftment with tumor cells. Numbers ported by the results in one of the three repli-
of erythroid progenitor cells, burst forming cate studies, in which both erythroid progen-
unit-erythroid (BFU-E) on day 7 were almost itor cells (BFU-E, table II and CFU-E, fig. 5) ":
2-fold greater than values obtained at day 27 were already significantly suppressed by day
(table II). High numbers of BFU-E (day 7) 7 to below normal values.
preceded the wave of activity of the more
mature erythroid progenitor cells, colony Spleen
forming unit-erythroid (CFU-E), observed Splenic cellularity (day 7) had increased -
between day 7 and day 19 (fig. 5). By day 27, by 50%, and was 6.9-fold greater by day 17
a 6-fold decrease was seen in the numbers of (fig. 3). Unlike the distribution of the marrow

'., -. '.s"Nr::
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120 -I18.6 ± 6.2%. Spleen: proliferative = 0.5 ± 0.5%,

nonproliferative = 5.0 ± 2.3%; nucleated erythroid=

80 0.6 ± 0.6%).
L Fig.5. CFU-E values/10 5 BM cells from male

40 - C57BL/6Cum mice engrafted with Lewis lung carci-
noma cells for each of three replicate studies using at

*0~ 5 10 15 2 5 3 least three mice for each time point per study. Values

TIME (days) are presented as the mean ± SEM. Shaded areas are *~

mean ± SEM values for normal mice (n =9; BM=
5 ________________________________ 360 ±93/105 cells). p
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Table III. Overview of hemocytopoietic changes in the peripheral blood, femoral marrow, and spleen in mice
after engraftment with Lewis lung carcinoma cells

Time after engraftment with tumor cells "-"-.

Day 7 Day 30 e.

Peripheral blood

19% decrease in Hct 41 % decrease in Hct
16% decrease in RBC 50% decrease in RBC

4.5-fold increase in WBC 13.4-fold increase in WBC
5-fold increase in % granulocytes 7.5-fold increase in % granulocytes

Spleen

6.6-fold increase in cellularity 6.9-fold increase in cellularity
Decrease in M/E ratio decrease in M/E ratio
Increase in nonproliferative granulocyte cells increase in proliferative granulocyte cells
Increase in nucleated erythroid cells increase in nucleated erythroid cells ... o.
S115-fold increase in CFU-E 7.4-fold increase in BFU-E

Increase in CFU-S' 4.7-fold increase in MEG-CFC
Increase in GM-CFC"
Increase in M-CFC"

Bone Marrow

8.7% decrease in cellularity 33% decrease in cellularity
Increase in M/E ratio increase in M/E ratio
Increase in nonproliferative granulocyte cells increase in proliferative granulocyte cells
Increase in nucleated erythroid cells 6-fold decrease in CFU-E
72% decrease in BFU-E no change in MEG-CFC
Increase in GM-CFC " -.

Increase in M-CFC'

Lednevet al. [19811.
I- \i

hemopoietic cells, the splenic myelocytic/ Data from in vitro culture assays supports
erythrocytic (M/E) ratio was less than 0.38 the microscopic data of splenic hemopoietic
throughout the study, compared to a control cellularity. The concentration of BFU-E/10 5

M/E ratio of 8.33 (table I). An increase of spleen cells plated appeared to reach two sig-
splenic granulocytic activity occurred be- nificant peaks of activity, the first at day 7
tween day 7 and day 27, with an increase in and the second at day 27 (table II). Figure 6
nonproliferative granulocytic cells between presents the data for spleen CFU-E. 12 days
days 7 and 17, followed by a more pro- after engraftment, the concentration of CFU-
nounced increase in proliferative granulo- E/10 5 spleen cells was 30-40 times greater
cytic cells between days 12 and 27 (fig. 4). than values for control mice. - "
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Discussion be due in part to changes in site(s) of RBC NOW
production. Data reported here indicate a

This paper reports modulations in murine pronounced compensatory increase in
hemopoiesis after engraftment with Lewis splenic erythrocytopoiesis. However, this
lung carcinoma cells. Throughout the study, change of production, both alone and in corn-
there appears to be a causal relationship be- bination with other factors, was unable to
tween tumor growth and the following: sple- prevent anemia.
nomegaly, medullary hypocellularity, periph- Our data are consistent in part with a
eral blood neutrophilia and erythroid ane- number of publications that report hemato-
mia, increased splenic erythrocytopoiesis and poictic effects of tumors and/or their factors
increased marrow granulocytopoiesis (ta- on granulocytopoiesis [1, 3, 8-14] and imply -

ble 111). Portions of these observations are that 3LL may induce release of substances
consistent with previously reported results. which regulate the blood cell-forming tissues
Peripheral blood neutrophilia refelected en- or the inductive microenvironmental fac-
hancedgranulocytic activity of the bone mar- tors.
row and spleen, suggested by the high num-

bers of marrow- and spleen-derived GM-
CFU and the percent early recognizable gran-
ulocytic cellular elements. The occurrence of Acknowledgment
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